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PREFACE 


These  are  exciting  times  for  the  aircraft  test  and  evaluation  community.  Over  the  past  1 5  years,  aircraft  flight  test 
emphasis  has  shifted  from  airworthiness  aad  aerodynamics  testing  to  avionics  subsystem  test  and  integration.  Aircraft 
systems  and  aircraft  test  programmes  havebecome  highly  integrated,  increasing  the  technical  and  management  challenges. 
The  advances  in  weapons  systems  technology  have  had  significant  impacts  on  the  test  process  as  well  as  on  the  testability  of 
our  systems.  Today’s  systems  require  new  and  innovative  technical  and  management  approaches.  There  is  a  need  for  greater 
use  of  simulators  and  other  hardware-in-the-oop  ground  test  facilities  to  accelerate  the  integration  and  checkout  of 
software-intensive  systems. 

The  Symposium  addressed  these  critical  isues;  starting  with  overviews  of  a  variety  of  military  and  commercial  lest 
programmes.  The  latest  test  methodologies  for  light  dynamics  and  systems  testing  were  reviewed.  A  report  was  made  on  a 
systems  approach  to  flight  test  safety,  with  emphsis  on  payoffs  to  be  realised  in  test  safety.  Presentations  were  given  on  state- 
of-the-art  test  instrumentation  and  facilities  used n  support  of  flight  tests.  Innovative  applications  of  information  processing 
and  display  technologies  to  the  real-time  test  deciion-making  process  were  reviewed. 

The  Symposium  was  structured  to  give  attendes  the  opportunity  to  see  and  touch  as  well  as  hear  about  the  latest  in  test 
techniques.  Each  day’s  agenda  included  tours  and  biefings  on  U.S.  Air  Force  NASA  test  aircraft  and  facilities,  and  the 
Symposium  closed  with  an  airshow.  There  was  consesus  on  the  importance  of  the  AGARD  flight  test  community  meeting 
regularly  to  review  new  techniques  for  flight  test,  instr  mentation  and  data  analysis  to  ensure  that  safe,  efficient  and  timely 
testing  is  accomplished. 


La  communaute  d’essais  et  devaluation  aeronautiquesit  une  cpoque  passionnante.  Au  cous  des  quinze  demieres 
annees  l’aptitude  au  vol  et  !es  essais  aerodynamiques  ont  du  eder  la  pace  a  l’integration  et  aux  essais  des  sous-systemes 
avioniques  qui  est  devenu  le  nouveau  centre  d’interet  des  essas  en  vol. Les  systemes  avion  et  les  orogrammes  d’essai 
aeronautiques  sont  desormais  hautement  integres  et,  par  consquent  prt*entent  de  nouveaux  defis  techniques  el 
technocratiques.  Lcs  progr^.  realises  dans  le  domaine  de  la  teonologie  <*$  systemes  d’armes  ont  eu  un  impact  considerable 
sur  la  modalite  des  essais,  ainsi  que  sur  I’aptitude  aux  essais  de  nos  systems.  Les  systemes  modemes  appellee  nouvelles 
philosophies  innovatrices  sur  le  plan  technique  comme  sur  le  plan  du  managjnient.  L’emploi  plus  intensif  siniulateurs  et 
d’autres  moyens  d'essai  au  sol  a  base  de  materiel  informatique  est  demande  ain  d’accderer  I’integratior''1  ^  au  point 
des  systemes  a  forte  composante  logjcielle. 


Le  Symposium  a  examine  ces  questions  de  premiere  importance,  en  commcnqant  par  un  tor  d’honzon  des  differents 
programmes  d’essai  civils  et  militaires.  Les  demieres  methodologies  d’essai  en  dynam^ue  du  w  el  en  systemes  ont  ete 
revues.  Un  rapport  a  ete  presente  sur  une  methode  -systemes"  destinec  a  araeliorer  la  scurries essais  en  vol.  Des 
communications  sur  I’etat  de  l  ari  de  I'instrumemation  d'essai  et  des  servitudes  uuliseesnMC  presentees.  Des  applications 
orginales  des  technologies  de  I'informauque  et  de  la  visualisation  au  processus  de  la  pr*e  decision  en  essais  temps  reel 
ont  egalement  ete  examinees. 


Le  Symposium  a  ete  structure  de  fay  on  a  offrir  aux  participants  l'occaston  de  vot£e aPPareUs  d«  lest, 
ainsi  que  de  sinformer  sur  les  demieres  techniques  d’essai  Des  visiles  et  des  bnefing^es  avtons  d  essar  et  les  installations 
de  I’US  Air  Force  NASA  ont  ete  organises  cheque  jour.  Les  actuates  du  Symposium**  ‘erminees  par  une  fete  aerienne. 

Tons  les  panic, pants  s  accordaient  a  reconnaitre  l  imponance  pour  la  communaute  ^aen  v  I  de 
reguliereroent  afin  d’exammer  les  nouvelles  techniques  dV  essars  en  vol  «  d“  d°nnees. 

permettant  de  realtor  os  essais  en  temps  voulu.  de  fafoa «  -ce  e;  dans  les  metlletf  d'hons  de  secume. 
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U.S.  NAVY  PRINCIPAL  SITE  TESTING  CONCEPT  AND  THE  F-18 

by 

Joe  L.  Dunn* 

Naval  Air  Test  Center 
Patuxent  River,  Maryland  20670-5304 
USA 


ABSTRACT 


In  1975,  a  decision  was  made  by  the  Naval  Air  Systems  Command  (NAVAIR5YSCOM) 
to  conduct  the  F-18  Full  Scale  Development  ( FSD )  Program  at  a  primary  Navy  location, 
the  U.S.  Naval  Air  Test  Center  (NAVAIRTESTCEN).  Previous  FSD  programs  had  utilized 
multiple  test  locations  (contractor  and  Navy)  which  resulted  in  significant  program 
duplication  from  a  facilities,  logistics,  and  test  data  viewpoint.  The  principal 
site  concept  provides  for  a  primary  Navy  location  where  all  test  assets  are 
co- located.  These  assets  include  developmental  aircraft,  contractor  and  Navy  test 
personnel,  maintenance  personnel,  and  all  unique  test  equipment.  The  success  of 
the  F-18  principal  site  testing  program  paved  the  way  for  the  AV-8B  and  LAMPS  MK 
III  programs  at  the  NAVAIRTESTCEN.  The  principal  site  concept  has  had  excellent 
benefits  for  the  U.S.  Navy  in  terms  of  improved  test  aircraft  utilization,  better 
visibility  into  the  contractor's  test  program,  elimination  of  redundant  testing 
by  utilizing  a  common  data  base,  and  improved  utilization  of  government  test 
facilities . 

From  the  Navy's  T&E  community  viewpoint,  it  is  preferable  to  conduct  the 
programs  at  a  Navy  test  activity.  Due  to  program  funding  constraints,  this  may 
not  always  be  possible.  With  the  F-14D  and  A-6F  upgrade  programs,  the  testing 
is  being  conducted  at  the  contractor's  facility  as  opposed  to  a  Navy  facility. 
In  this  case,  the  Navy  has  established  a  Navy  Test  Team  on-site  and  is  participating 
actively  with  the  contractor  during  the  FSD  programs. 

The  impact  of  the  principal  site  testing  concept  will  be  examined  from  the 
prospective  of  both  the  Navy  and  the  contractor  in  terms  of  impact  on  the  individual 
organizations . 


Introduction 

In  the  1975  time  frame,  the  U.S.  Navy  made  the  decision  to  principal  site 
the  F/A-18  Full  Scale  Development  (FSD)  program  at  the  U.S.  Naval  Air  Test  Center, 
Patuxent  River,  Maryland.  This  represented  a  significant  departure  from  the  earlier 
philosophy  of  allowing  the  prime  contractor  to  conduct  the  majority  of  the  FSD 
test  program  at  his  own  flight  test  facility  with  minimal  involvement  by  the  U.S. 
Navy  test  activities.  With  the  F-14A  FSD  test  program,  which  was  conducted  during 
the  1971-1974  time  period.  Navy  involvement  was  limited  basically  to  periodic 
evaluations  (Navy  Preliminary  Evaluations)  by  the  Naval  Air  Test  Center  at  the 
contractor's  facilities.  These  evaluations  consisted  of  15-25  test  flights  flown 
at  approximately  6-9  month  intervals  during  the  FSD  program.  The  F-14A  test  program 
was  conducted  simultaneously  at  three  separate  test  sites.  The  flying  qualities, 
high  angle-of -attack,  propulsion,  performance,  structural  dynamics  and  structural 
loads  program  was  conducted  at  the  contractor's  facility  in  New  York.  The  carrier 
suitability  test  program  was  conducted  at  the  Naval  Air  Test  Center  where  catapult 
and  arresting  gear  facilities  are  located,  and  the  avionics  and  weapons  integration 
program  was  conducted  on  the  West  Coast  at  the  Pacific  Missile  Test  Center,  Pt. 
Mugu ,  California.  The  three  test  sites  resulted  in  a  large  support  infrastructure 
in  terms  of  data  reduction  facilities,  logistics  support  systems  with  lengthy 
pipelines,  three  separate  flight  test  support  organizations ,  and  a  large  number 
of  test  assets. 

Due  to  the  complexities  of  the  F-i4A  test  program,  the  decision  was  made  to 
principal  site  the  F/A-18  at  Patuxent  River.  Considerations  that  went  into  this 
decision  process  centered  around  the  premise  that  if  all  the  FSD  testing  was 
conducted  primarily  at  one  location,  the  number  of  test  aircraft  required  could 
be  reduced,  the  logistics  and  maintenance  support  requirements  could  be  drastically 
reduced,  both  the  contractor  and  the  Navy  could  jointly  share  all  data  which  would 
result  ^in  elimination  of  much  redundant  testing  between  the  contractor  and  the 
Navy,  and  also  the  Navy  in  the  role  of  the  customer  would  have  much  better  visibility 
into  the  overall  progress  of  the  contractor’s  test  program.  The  view  was  held 
that  by  having  better  visibility  into  the  contractor's  test  program,  the  Navy  could 
do  a  better  job  of  identifying  deficiencies  and  getting  them  corrected  early  in 
the  program.  It  should  be  noted  that  during  this  time  period,  most  FSD  contracts 
being  awarded  by  the  U.S.  Navy  were  on  a  Cost  Plus  Incentive  Fee  Basis. 
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Another  major  consideration  in  the  1975  time  period  centered  around  improved 
utilization  of  existing  Department  of  Defense  test  facilities.  Given  the  large 
number  of  airframe  manufacturers  that  the  U.S.  Navy  buys  aircraft  from,  it  is 
impossible  and  unreasonable  to  expect  the  U.S.  Government  to  underwrite  the  cost 
of  unique  test  and  evaluation  facilities  at  each  of  the  contractor's  facilities. 
The  argument  was  made  that  it  made  more  sense  and  was  most  cost  efficient  to  invest 
in  state-of-the-art  test  and  evaluation  facilities  at  Department  of  Defense 
facilities  and  require  the  contractor's  to  utilize  these  facilities  as  opposed 
to  each  developing  their  own.  These  facilities  typically  include  telemetry  tracking 
systems,  space  positioning  systems,  real-time  data  computation  systems,  engine 
test  facilities,  avionics  test  laboratories,  weapons  firing  ranges,  and  other 
associated  infrastructure,  to  mention  a  few. 

F-18  Full  Scale  Development  Program 

Immediately  after  the  decision  by  the  Commander,  Naval  Air  Systems  Command 
in  1975  to  principal  site  the  F-18  FSD  program  at  Patuxent  River,  joint  planning 
was  begun  by  the  Navy  and  McDonnell  Aircraft  Company  as  to  how  best  to  support 
and  execute  the  program.  The  FSD  program  consisted  of  11  FSD  aircraft  with  first; 
flight  occurring  at  the  McDonnell  facility  in  St.  Louis  in  November  of  1978.  After 
limited  expansion  of  the  flight  envelope  in  St.  Louis,  the  aircraft  was  ferried 
to  Patuxent  River  in  January  1979.  Existing  hangar  and  office  facilities  at  Patuxent 
River  were  modified  to  meet  the  needs  of  McDonnell.  At  the  peak  of  the  program, 
over  600  McDonnell  employees  (including  many  local  hires)  were  involved  in  the 
support  of  the  FSD  program.  The  Naval  Air  Test  Center  provided  the  majority  of 
support  effort  for  the  program.  This  effort  included  telemetry  tracking,  range 
support  consisting  of  space  positioning,  radar  coverage,  video  coverage,  target 
support,  chase  and  target  aircraft  support,  tanker  aircraft  support,  search  and 
rescue  aircraft  support,  and  extensive  laboratory  services  support.  During  the 
period  from  November  1978  to  February  1982,  a  total  of  3,205  flights  were  flown 
for  4,799  flight  hours.  Extensive  use  of  the  Naval  Air  Test  Center  Real-Time 
Telemetry  Processing  System  during  the  FSD  program  contributed  to  quick  turnaround 
of  the  data.  Nine  of  the  11  test  aircraft  were  fully  instrumented. 

Tne  F/A-18  Principal  Site  test  program  resulted  in  all  the  participants  being 
co-located  at  one  activity.  This  included  McDonnell,  General  Electric,  and  Northrop 
from  the  contractor  side.  The  Navy  team  included  representatives  from  the  Naval 
Air  Test  Center,  Pacific  Missile  Test  center.  Naval  Weapons  Center,  Board  of 
Inspection  and  Survey,  and  the  Operational  Test  and  Evaluation  Forces.  The 
co-location  of  personnel  allowed  for  good  face-to-face  communications,  sharing 
cf  data,  and  a  building  of  an  overall  team  spirit.  A  series  of  Memoranda  of 
Ag  cement  (MOA)  was  established  in  writing  to  define  the  duties  and  responsibilities 
of  11  involved  parties.  These  MOA’s  spelled  out  the  various  relationships  necessary 
to  a  -complish  FSD  testing  in  a  smooth  and  efficient  manner.  For  example,  the  MOA 
with  MCAIR  spelled  out  to  what  extent  the  Navy  could  be  present  during  MCAIR  flight 
briefings  and  debriefs  and  to  what  level  the  Navy  had  access  to  contractor  data 
during  the  development  phase  of  the  program.  These  MOA's  also  provided  a  means 
of  continuity  in  procedures  for  personnel  rotating  into  the  test  program. 

Navy  Test  Philosophy 

The  Navy  has  now  completed  three  major  FSD  programs  (i.e.,  F/A-18,  AV-8B , 

and  SH-60B )  utilizing  the  principal  site  test  concept  at  government  facilities. 
From  the  Navy's  viewpoint,  some  of  the  major  advantages  to  this  concept  have 
included : 

a.  High  utilization  of  existing  DOD  facilities. 

b.  Reduced  number  of  test  assets  required. 

c.  Significantly  improved  customer  visibility  into  the  contractor  development 
program . 

d.  Early  identif ica tion  and  correction  of  design  problems. 

e.  Establishment  of  common  contractor-Navy  data  base. 

f.  Elimination  of  redundant  testing. 

Even  though  the  testing  is  accomplished  primarily  at  a  Navy  facility,  the 
Navy  has  been  very  careful  to  recognize  the  contractual  authority  of  the  contractor 
to  be  responsible  for  the  successful  development  of  the  aircraft.  In  doing  this, 
the  Navy  recognizes  the  need  for  the  contractor  to  be  in  charge  of  the  day-to-day 
control  of  his  operation  and  to  be  able  to  make  programnat  c  decisions  accordingly. 
Although  the  contractor  has  control,  experience  on  the  F/A-18,  AV-8B ,  and  SH-60B 
has  shown  that  it  is  important  to  involve  the  customer  (i.e.,  U.S.  Navy)  early 
in  the  development  effort.  This  involvement  may  include  Navy  flight  test  engineers 
attending  the  contractor's  preflight  and  postflight  briefs,  monitoring  the  flight 
at  the  telemetry  ground  station,  and  having  qualified  Navy  test  pilots  flying  the 
chase  aircraft  for  each  of  the  test  flights.  The  next  step  that  has  evolved  is 
the  limited  participation  of  Navy  test  pilot  into  the  contractor’s  flight  program. 


The  amount  of  Navy  pilot  participation  is  determined  in  general  terms  prior  to 
the  start  of  the  actual  flight  test  program.  This  involvement  is  often  referred 
to  as  the  participatory  approach.  Based  on  our  experience,  this  type  of 
participation  gives  us  a  good  insight  into  the  development  program,  allows  for 
early  identification  and  correction  of  design  deficiencies,  and  maintains  flight 
proficiency  in  the  te^t  aircraft  for  a  limited  number  of  test  pilots. 

By  maintaining  this  active  involvement  in  the  contractor's  test  program,  the 
Navy  has  been  able  to  eliminate  a  significant  amount  of  dedicated  testing  that 
was  accomplished  under  ‘he  previous  way  of  doing  business  which  allowed  /or  blocks 
of  dedicated  Navy  test  time  at  specific  intervals  during  the  test  program.  The 
amount  of  contractor  generated  data  utilized  to  satisfy  Navy  requirements  has 
increased  greatly  under  the  participatory  approach. 

Under  the  previous  way  of  accomplishing  FSD  programs,  the  contractor  would 
conduct  his  envelope  expansion  to  the  100%  build-up  point  and  would  then  repeat 
the  point  during  a  series  of  formal  demonstrations  which  were  witnessed  by  U.S. 
Navy  engineers.  Under  the  principal  site  concept,  the  Navy  engineers  will  accept 
the  completion  of  the  100%  build-up  point  as  meeting  the  intent  of  the  formal 
demonstration  if  all  the  necessary  specification  conditions  are  satisfied. 

Although  the  term  "principal  site"  is  used  extensively,  the  Navy's  position 
is  that  it  will  go  off  site  as  necessary  to  take  advantage  of  other  existing 
Department  of  Defense  test  facilities.  For  example,  climatic  testing  is  accomplished 
at  the  Climatic  Test  Facility  at  Eglin  Air  Force  Base  and  cross-wing  landing  tests 
are  conducted  at  Edwards  Air  Force  Base.  This  ensures  best  utilization  of  existing 
Department  of  Defense  facilities  and  keeps  the  f aci litization  cost  for  the  program 
manager  down  to  a  minimum. 

Navy/Contractor  Perspective 


There  has  been  much  discussion  during  the  last  10  years  concerning  the  overall 
benefits  of  principal  site  testing.  From  the  Navy’s  perspective  the  concept  has 

provided  for  best  use  of  limited  resources,  resulted  in  the  development  of 
state-of-the-art  test  and  evaluation  facilities  available  to  all  contractors, 
increased  productivity  in  terms  of  flight  rate,  eliminated  much  redundant  testing 
between  the  contractor  and  the  Navy,  provided  for  a  single  set  of  facts  to  be 

utilized  by  all  participants,  and  has  provided  up-front  customer  participation 

resulting  in  much  better  overall  Navy  visibility  into  the  development  progress. 

Nol  all  contractors  share  the  Navy's  perspective  on  the  benefits  of  principal 
site  testing.  Some  of  the  comments  expressed  by  the  contractor  community  when 
forced  to  utilize  government  test  and  evaluation  facilities  include  concern  over 
potential  decreased  productivity,  longer  concept-to-operation  cycles,  dislike  of 
the  military  being  too  deeply  involved,  concern  over  sharing  common  facilities 
in  terms  of  scheduling  conflicts  and  lack  of  control  over  support  resources,  and 

too  many  government  rules  and  regulations. 

It  is  up  to  the  Navy  to  convince  the  contractors  that  these  concerns  are  not 
valid  and  that  the  Navy  test  and  evaluation  personnel  are  sensitive  to  their  schedule 
and  resource  requirements  from  a  contractual  viewpoint.  In  terms  of  FSD  program 

productivity,  the  F/A-18  FSD  conducted  at  Patuxent  River  achieyed  the  highest  flight 
rate  (approximately  17.5  hr/month/aircraft)  of  any  recent  Department  of  Defense 
tactical  aircraft  development  program. 

Measurements  of  Success 

Although  it  is  difficult  to  quantify  absolute  measures  of  success,  it  is  the 
Navy's  position  that  the  principal  site  test  philosophy  has  significantly  contributed 
to  the  outstanding  success  presently  being  enjoyed  by  the  F/A-18,  AV-8B ,  and  SH-60B 
in  the  fleet  today.  This  success  can  be  measured  by  the  following  factors: 

a.  Fleet  Acceptance  -  All  three  weapon  systems  have  been  extremely  well 

received  by  fleet  users  with  a  high  degree  of  satisfaction. 

b.  Reliability  and  Maintainability  We  are  seeing  some  of  the  best  R&M 

statistics  with  these  systems  in  the  history  of  Naval  aviation.  These 

statistics  translate  directly  into  flight  hour  availability  to  the  fleet 
comma ndei  . 

c.  Safety  Record  -  These  aircraft  are  enjoying  a  safety  record  unparalleled 
by  any  previous  comparable  weapon  system.  The  attrition  rate  of  each 
of  these  aircraft  is  running  well  below  the  predicted  loss  rate. 

d.  Configuration  Changes  -  Due  to  the  high  state  of  maturity  of  these  aircraft 

at  the  time  of  fleet  introduction,  the  need  for  major  engineering  changes 
and  updates  have  been  minimal  when  compared  to  their  predecessors.  This 
translates  into  significant  dollar  savings  in  terms  Of  life  cycle  costs 

to  the  Navy. 
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Impact  of  New  Navy  Acquisition  Strategy 

Recently  revised  Navy  acquisition  policy  states  that  Full-Seal^  Engineering 
Development  will  be  conducted  under  a  firm  f,-xed -price  contract  Recent  programs 
in  which  this  policy  has  been  implemented  are  the  V-22,  F-14D,  A-6F,  and  T-45 
programs.  This  is  in  contrast  to  the  cost  plus  incentive  fee  type  contract  used 
on  previous  i-'SD  prog*_ms.  Because  the  contractor  is  in  the  position  of  having 
to  accept  a  greater  financial  risk,  the  Navy  has  in  turn  given  the  contractors 
more  latitude  in  determining  how  and  where  the  FSD  programs  will  be  conducted. 
In  the  case  of  the  V-22,  F-I4D,  and  A-6F  programs,  the  contractors  have  elected 
to  conduct  the  majority  of  their  test  programs  at  their  home  facilities.  Navy 
facilities  will  be  utilized  for  testing  for  which  the  contractor  does  not  have 
the  necessary  facilities  such  as  carrier  suitability  and  missile  firing  testing. 
The  Navy  test  activities  will  support  the  FSD  programs  at  the  contractor  location 
by  locating  Navy  test  teams  at  the  contractor's  facilities  during  the  FSD  program 
to  preserve  as  much  Navy  involvement  in  the  programs  as  possible.  It  is  the  Navy's 
intent  ‘■o  maintain  the  same  type  of  involvement  and  participation  at  the  contractor's 
facilities  that  it  would  at  Navy  test  and  evaluation  activities.  The  Navy  position 
is  that  regardless  of  test  site  location,  we  will  maintain  a  full  time  involvement 
throughout  the  FSD  prog-ams.  This  will  include  on-sitc  monitoring  by  Navy  engineers 
and  participatory  flying  by  Navy  test  pilots.  This  will  be  accomplished  fully 
recognizing  the  contractor's  responsibility  to  develop  the  r.ew  aircraft  and  to 
control  the  day-to-day  decision  making  process  during  the  FSD  program. 

In  summary,  ft  test  site  location  decision  process  will  be  made  based  on 
economics,  projected  test  productivity,  available  support  facilities,  flight  safety 
considerations,  and  technical  capability. 

Summary 

From  the  Navy's  viewpoint,  the  principal  site  has  been  successfully  proven 
with  the  F/A-18,  AV-8B,  and  SH-60B  FSD  programs.  The  concept  has  helped  to  improve 
utilization  of  DOD  test  facilities  by  reducing  faci litization  of  contractor 
facilities  at  government  expense,  has  provided  improved  customer  visibility  into 
contractor  test  programs,  and  has  provided  a  better  product  to  the  fleet  in  terms 
of  high  fleet  acceptance,  improved  reliability  and  maintainabi lity ,  improved  safety 
records,  and  minimal  in-service  configuration  changes. 
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Ar  overview  of  recent  development  and  flight  test  experiences  of  the  DFVLP’s  flight 
test  venicle  ATTAS  (Advanced  Technologies  Testing  Aircraft  System)  equipped  with  a  digi¬ 
tal  fly-by-wire/light  flight  control  system  is  presented.  System  design,  multiprocessor 
communication  management,  parallel  data  processing,  redundancy  management  as  well  as 
software  development  and  validation  are  summarized. 

Further,  the  role  of  ground  based  system  simulation  for  development  and  testing, 
flight  test  procedures  an.  interesting  flight  test  results  are  dealt  with  in  several 
examples. 


1.  INTRODUCTION 

In  the  last  six  years  a  modern  flying  simulator  and  demonstrator  air. raft  called 
ATTAS  (Advanced  Technologies  Testing  Aircraft  System)  has  been  developed  by  DFVLR  and  MBB 
supported  by  the  Ministry  of  Research  and  Technology  of  Germany  II].  ATTAS  is  based  on  a 
MBB  developed  twin-turbof :n.  short  haul  passenger  aircraft  VPW  614  (figure  1),  which  is 
ideally  suited  for  this  pu.  pose  due  to  it  spacious  cabin,  test  equipment  loading  capabil¬ 
ity.  flight  performances  and  excellent  handling  qualities. 

Over  the  next  15  to  20  years  ATTAS  will  serve  as  the  primary  DFVLR  flight  test  vehi¬ 
cle  for  research  and  development  to  demonstrate  and  validate  new  methods  and  technologies 
in  the  area  of  flight  control,  flight  guidance,  navigation,  man-machine  interactions  and 
in-flight  simulation  (figure  2)  [2,31. 

In  addition  to  method  oriented  research  application  ATTAS  provides  a  wide  integra¬ 
tion  and  testing  capability  for  aircraft  equipment  as  it  is  summarized  in  figure  3.  Be¬ 
side  ground  based  simulation  and  advanced  computation  methods  flying  testbeds  for 
in-flight  simulation  techniques  have  increasingly  gained  attention  because  the  overall 
pllot/aircraf t  system  can  be  investigated  under  real  environmental  conditions  [4,5]. 

Within  the  DFVLR  research  programs  ATTAS  will  mainly  be  used  as  flying  simulator  [6] 
in  a  broad  sense.  In  this  role  ATTAS  is  able  to  represent  the  dynamic  behavicr  of  model 
aircraft  or  systems  under  real  environmental  conditions  in  total  missions  providing  the 
pilot  with  exact  visual  and  motion  cues  in  ar.  early  stage  of  a  development.  To  fulfil- 
lall  these  testing  capabilities  ATTAS  was  modified  and  equipped  with  a  powerful 
fly-by-wire/light  flight  control  system. 


is  system,  designed  j  DFVLR,  fulfills  also  the  requirements  to  be  very  easily  adapted  to 
changing  flight  tests  and  to  give  the  experimenter  clear  and  simple  to  handle  software 
and  hardware  interfaces  (7]. 

The  fly-by-wire/light  flight  control  system  (FBW-system)  development,  integration 
and  flight  test  experiences  will  be  dealt  with  in  this  paper. 


2,  Airoraft  Modifications  and  Equipment 

The  main  aircraft  modifications,  test  equipment  [8]  and  features  are  summarized  as 
follows  (see  also  figure  4): 

-  right  hand  seat  safety  pilot  with  conventional  control  system, 

-  left  bend  seat  evaluation  pilot  with  full  axis  fly-by-wire  controls, 
freely  programmable  flight  instruments/displays,  CRT’s  (figure  5). 

-  fly-by-wire  controls/column  or  sidestiok  with  adjustable  force  feel  system, 

dual  channel  digital  on  board  computer  system  with  fiber  optic  data  bus  providing 
freely  programmable  control  laws  and  flying  qualities, 

duple*  inertial  reference  and  digital  air  data  systems, 

comprehensive  on  board  data  acquisition  system,  recording  and  PCH-telemetry » 

-  15  eleotro-hydraulio  self  monitored  actuators,  partly  duplex  linked  by  MIL-BOS 
1553B  to  the  FBW-system, 


-  antennas  installation  provisions. 

-  dual  redundant  hydraulic  system, 
dual  redundant  electrical  system. 

-  fly-by-wire  actuators  for 

o  elevator, 
o  stabilizer, 
o  rudder, 

o  both  ailerons  (also  with  symmetrical  deflection  capability), 
o  both  engines, 
o  landing  flaps, 
o  six  direct  lift  flaps. 

-  on  board  operator  consoles  (four  places), 

-  nose  boom  with  <4,  ft-  and  TAS-  probe. 

2.1  Additional  Control  Capability 

To  give  ATTAS  a  5-DOF  simulation  capability  five  independent  control  surfaces  must 
be  available.  Therefore,  ATTAS  was  equipped  with  a  specifically  developed  'Direct  Lift 
Control'  System  (DLC)  for  pitch/heave  motion  decoupling  and  gust/load  control.  For  low 
frequency  DLC  operation  the  basic  VFW  614  landing  flap  system  can  electrically  be  de¬ 
flected  between  1  to  14  degrees.  The  rear  part  of  the  landing  flaps  have  been  divided  In 
six  (three  on  each  wing)  fast  moving  flaps  having  about  65  deg/sec  flap  rate  and  ±.35 
degrees  flap  deflection  capability  for  high  frequency  direct  lift  modulation.  Both  lift 
devices  can  simultaneously  be  used  between  1  to  14  degrees  landing  flap  position.  Fur¬ 
ther,  DLC  flap  pairs  can  be  individually  controlled.  The  permissible  flight  envelope  is 
also  shown  in  figure  17  demonstrating  that  DLC  can  also  be  used  in  the  high  speed  region 
up  to  285  kts.  compare  3.4. 

Another  important  feature  of  the  ATTAS  FBW-system  is  the  superimposed  symmetrical 
aileron  actuation  capability  which  will  be  used  for  wing  bending  mode  control.  Because 
the  ailerons  are  mechanically  connected  in  the  basic  aircraft's  flight  control  system, 
the  symmetrioal  aileron  deflections,  Tlaperons" ,  are  compensated  on  pilot's  wheel  by 
using  a  differential  gear. 


2.2  Data  Aqulaltlon  System 

The  aircraft  is  equipped  with  all  sensors  which  are  necessary  to  measure  the  air¬ 
craft  body  rates,  accelerations  and  attitudes  as  well  as  all  control  surface  positions, 
pilot  command  inputs  and  engine  data.  Air  data  are  calculated  by  two  air  data  computers, 
inertial  data  by  two  laser  gyro  inertial  reference  units  (LTN  90).  Analog  sensor  outputs 
are  conditioned  (amplified,  filtered  etc.)  in  a  DPVLR  developed  signal  conditioning  sys¬ 
tem  [9.10].  A  very  important  feature  of  this  system  is  that  all  parameters  for  each  chan¬ 
nel  can  be  set,  checked,  and  electrically  calibrated  from  an  on  board  master  computer 
( figure  6  )  . 


2.3  Bleotro-Hydraulio  Aotuators 

The  electro-hydraulic  actuators  have  been  developed  for  ATTAS  by  Llebberr  Aerotech- 
nlk,  LAT,  in  Germany. 

In  total  15  self-monitored  high  bandwidth  actuators  are  used  to  drive  all  the  actua¬ 
tors  mentioned  above. 

The  actuators  are  installed  in  parallel  to  the  basic  aircraft  control  system.  They 
are  linked  by  Integrated  electro-hydraulic  aotuated  clutches  which  can  be  opened  in  any 
situation  by  pressing  a  switch  on  the  safety  pilots  control  wheel  or  by  introducing  a 
certain  amount  of  foroe  in  safety  pilot's  controls. 

The  actuator  electronic  is  fully  digital  using  duo-duplex  microprocessor  configura¬ 
tion  for  failure  detection  and  failure  handling.  The  complete  actuator  eleotronic  is 
Included  in  four  boxes.  Data  communication  with  the  PBW/Light  computer  system  is  realized 
by  a  duplex  MIL-BUS  1553B.  Due  to  safety  reasons  elevator  and  rudder  actuators  are  do¬ 
ubled  providing  duo-duplex  failure  behavior.  For  DLC  control  surface  redundancy  was  ap¬ 
plied  by  using  three  independent  pairs  of  DLC  flaps  which  are  in  addition  monitored  by  a 
separate  devlc«  as  it  is  shown  in  figure  7. 


2  Fly-By-Wire/Light  Control  System 

'»  Fly-by-lfire/Light  Flight  Control  System  as  heart  of  ATTAS  baa  to  provide  all 
o.  ;.w.onal  functions  needed  for 
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-  norifci  fly-by-wire  operation  (control  lawa.  mode  awitohing), 

-  interfacing  external  devices, 
data  processing  and  recording, 
monitoring  and  error  detection, 
computation  of  experimental  functions. 

The  performance  has  to  meet  the  requirements  for 

computational  cycle  time  of  less  than  20  ms  for  all  functions, 

-  required  redundancy  for  flights  in  critical  maneuvers  (take  off  and  landing 
etc  . ) , 

-  airborne  equipment  and  interfacing  of  aircraft  systems  (ARINC  429.  MIL  BOS  1553 
B,  eto.), 

-  freely  programmable  capacities  for  user  applications  in  a  high  order  programming 
language . 

To  meet  these  requirements  the  system  has  been  designed  as  a  two  channel  oomputer 
network  consisting  of  four  processors  in  each  channel  with  one  common  central  processor 
for  communications  and  data  recording  (figure  8).  All  on  board  .computers  are  of  MIL-Speo. 
L0RAL/R0LM  types  (MSE/14  and  Hawk/32)  which  are  software  compatible  to  the  commercial 
Data  General  Eclipse  S/140  and  MV/8000  series  111]. 

The  network  in  each  channel  is  based  on  a  ring  structured  serial  fiber  optical  bus 
system  providing  actual  data  rate  in  each  channel  of  150  kVords/sec.  Network  redundancy 
is  used  for  failure  detection  by  comparing  exchanged  input  and  output  data.  In  the  case 

of  exceeding  given  amplitudes  and  time  thresholds  the  system  will  be  passivated  and  enab¬ 

ling  the  safety  pilot  to  convert  to  the  basio  aircraft  control  by  providing  smooth  tran¬ 
sients.  Software  is  identical  in  both  channels. 

The  data  processing  system  operates  A/D  converters  and  digital  Inputs  and  outputs, 
interfacing  the  signal  conditioning  system,  the  ARINC  429  BUS  connected  to  the  air  data 
computer,  inertial  reference  and  avionic  systems,  as  well  as  MIL  BUS  1553B  for  data  ex¬ 
change  with  the  actuator  eleotronio  units  (AEU).  In  total  more  than  400  input  and  300 

output  signals  are  processed  in  each  channel. 

The  computational  power  of  the  system  is  about  3.1  Mega  Floating  Point  Operations 
( MFLOPS)  in  each  channel.  1.4  MFLOPS  are  available  for  experimental  functions  in  the 
Hawk/32  32-bit  computer  with  up  to  8  MB  of  memory. 

System  and  software  design  allow  an  easy  system  integration  of  experimental  func¬ 
tions  and  additional  hardware  components. 


2.5  Ply-By-Wire  Control  Functions 

Operation  of  ATTAS  is  performed  in  the  following  three  principal  modes,  as  illus¬ 
trated  in  figure  9: 

-  BASIC  Mode 

-  Fly-By-Wire  Mode  ( FBW -Mode ) 

Simulation  Mode  (SIM-Mode) 

In  the  BASIC  Mode  ATTAS  is  operated  using  the  basic  mechanical  controls  of  the  safe¬ 
ty  pilot  on  the  right  hand  seat  in  the  cockpit. 

In  this  mode  of  operation  ATTAS  is  used  for  all  the  experiments  in  which  electrical 
flight  control  is  not  required.  Nevertheless  on  board  computation,  data  aqulsltion  and 
data  recording  capability  is  fully  available. 

In  the  FBW-Mode  the  evaluation  pilot  on  the  left  hand  seat  has  control  to  the 
FBW-systen  by  connecting  the  eleo tro-hydraulic  actuators  to  the  basic  aircraft  control 
system.  Flight  operation  will  be  performed  identically  to  the  basic  oontrols  (FBW  1:1 
functlor).  Figure  10  illustrates  the  FBW  control  functions  installed  for  the  elevator  as 
an  example. 

In  the  SIM-Mode  the  aircraft  also  operates  under  fly-by-wire  oontrol  but  the  func¬ 
tional  connection  between  pilot  inputs  and  aotuator  commands  are  given  by  user  defined 
functions  such  as  used  for  in-flight  simulation  oontrol  laws  (IPS)  where  the  evaluation 
pilot  flies  an  aircraft  model  built  in  the  oomputer  program.  Model  following  control  laws 
generate  commands  for  all  the  actuators  to  foroe  the  test  airoraft  to  follow  the  on  board 
computed  equations  of  motion. 


2-4 


Primarily  the  fly-by-wire  system  provide  oontrol  functions  for  the  actuators  of  the 
primary  controls 
elevator, 

-  ailerons  and 
rudder, 

and  the  secondary  controls 

-  stabilizer, 
engines, 

landing  flaps  and 

-  DLC  flaps. 

Further,  special  functions  for  mode  switching  and  for  minimizing  transient  effects 
based  on  mode  switching  are  provided. 

For  electro-hydraulic  actuator  engagement  a  coincidence  function  moves  the  actuator 
piston  into  the  relevant  position  before  clutches  are  closed. 

Limitation  functions  reduce  the  aotuator  command  signals  in  maximum  rates  and  ampli¬ 
tudes  according  to  safety  and  flight  conditions. 

An  automatic  elevator  trim  system  operates  the  stabilizer  in  such  a  way  that  the 
aircraft  is  always  in  trim  condition.  In  cases  where  the  safety  pilot  reconverts  to  the 
basic  control  system  the  resulting  column  and  aircraft  transients  will  be  negligible. 

Evaluation  pilot's  displays  and  Instruments  are  controlled  by  the  FBW-system  to 
represent  standard  symbology  (FBW-Hode).  In  the  SIM-Mode  display  representation  is  freely 
programmable  due  to  user  purposes.  For  system  checkout  and  preflight  oheck  procedures 
special  functions  are  included  in  the  FBW/Llght  software  program. 


2.6  ATTAS  Simulator 

Essential  part  of  the  total  ATTAS  is  the  ground  based  ATTAS  simulator  (figure  11) 
which  was  designed  and  developed  in  parallel  to  the  aircraft.  The  ATTAS  simulator  is  a 
complete  copy  of  the  flying  system  simulating  all  system  functions  in  real-time  on  the 
ground.  This  facility  is  the  primary  tool  for  software  and  functional  testing. 

Further*  the  simulator  assists  the  ATTAS  operation  by  validating  user  applied  soft¬ 
ware  (experiments)  and  by  preparing  flight  test  procedures.  The  ground  simulation  cons¬ 
ists  of  an  identical  ATTAS  cockpit,  a  nearly  identical  computer  configuration  based  on 
commercial  Data  General  computers  which  are  software  compatible  to  the  LORAL  ROLM  on 
board  system,  a  hybrid  computer  EAI  600  and  the  high  speed  multiprocessor  system  AD  10. 
These  both  computers  simulate  the  complete  aircraft  flight  dynamics,  actuator  response  as 
veLl  as  engine  and  sensor  informations  of  the  aircraft.  All  sensor  data  are  connected  to 
the  ground  based  FBW-system  via  connector  identical  interfaces  (A/D,  D/A,  ARINC  429, 
MIL-BUS  1553B),  so  that  flight  test  hardware  can  be  plugged  into  the  simulation.  By  this 
all  in-flight  computer  programs  can  be  developed  and  checked  out  on  the  ground  under  real 
time  conditions  before  they  are  transferred  via  magnetic  tape  on  board  the  aircraft. 
Further,  for  'hardware  in  the  loop'  simulation  and  testing  purposes  ATTAS  can  be  linked 
with  the  ground  simulator  via  fibre  optic  bus  extension  while  standing  on  the  ramp  or  in 
the  hangar.  This  situation  is  illustrated  in  figure  12. 


2.7  Software  Development  and  Data  Handling 

According  to  the  ATTAS  equipment  with  a  central  FBW-system  software  development  was 
a  main  project  of  about  60  man  years  at  DFVLR  [121.  Software  development  was  organized  in 
r  down1  stepwise  method  and  had  to  be  considered  for  hardware  and  software  together. 
So  from  the  beginning  of  the  system  design  software  functions  were  analyzed  and  designed 
in  parallel  to  the  hardware  design  in  progress.  With  the  structure  of  the  data  processing 
system  the  functional  struoture  of  the  software  was  defined  and  resulted  in  the  Software 
Requirements  Document  ( SRD ) . 

Mainly  the  involved  subsystems  and  their  interfaces  (ARINC,  MIL  BUS  1553B)  specified 
the  requirements  to  be  fulfilled  by  the  software.  Also  user  requirements  for  minimum 
controller  oyole  time  and  computing  power  with  reusable  software  had  to  be  considered. 


2.7.1  Software  Struoture 

According  to  the  design  of  the  data  processing  system  three  main  software  functions 
can  be  identified  to  be  embedded  in  the  computer  network: 

Input/Output  Operations  (Terminal  Computer  Functions) 

-  PJy-By-Wlre  and  Experimental  Functions 

-  Communication  Functions  with  different  subsystems 

Ipput/Output  Operations  are  Installed  in  the  Cookpit  and  Tail  Terminal  Computer 
(CTC,  TTC ) .  They  include  the  interfaoe  drivers,  data  checks  with  the  second  channel, 
scaling  and  data  communication  to  the  parallel  processors  in  the  network.  Synchronization 
of  all  components  is  done  with  a  Programmable  Interval  Timer  (PIT)  interrupt  in  the  cock¬ 
pit  terminal  ooaputer  program. 
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Ply-By-Wire  Functions  are  mainly  installed  in  the  FBW  Computer  (FBWC)  to  fulfil  all 
operations  of  the  PBW  oontrol  law.  The  software  structure  has  to  consider  tlning  require¬ 
ments  and  switching  problens  as  well  as  speoial  monitoring  functions. 

User  functions  are  Installed  in  the  Experimental  and  Control  Computer  (ECC)  to  give 
free  space  and  full  performance  for  experimental  programs.  With  the  chosen  program  struc¬ 
ture  user  programs  can  be  included  without  changes  in  the  operating  system  and  the  run¬ 
time  structure. 

Communication  Functions  Include  the  interfacing  to  the  telemetry  system)  data  re¬ 
cording  on  magnetic  tape,  quioklook  presentation  on  displays,  program  loading  and  offline 
handling.  Functions,  being  not  essential  for  fall  passive  behavior  of  the  FBW  control 
system,  are  installed  in  the  single  Central  Communication  Computer  (CCC)  which  communi¬ 
cates  with  all  computers  in  both  ohannels  in  the  duplex  data  processing  system. 


2.7.2  Software  Development,  Integration  and  Validation 

Handling  the  ATTAS  software  project  as  a  medium  size  project  and  the  requirement  to 
maintain  the  system  for  at  least  10  to  15  years  speoial  procedures  and  tools  were  manda¬ 
tory  . 


The  TOP  DOWN  design  method  was  used  in  6  steps.  Each  step  ended  with  a  review  on  the 
final  documents: 

(1)  Software  Requirements  Document 

(2)  Software  Design  (rough)  Document 

(3)  Software  Detailed  Design  Document 

(4)  Coding  and  Modul  Testing  Source  Code 

(5)  Integration  and  Verification  -  Program  Test  Results 

(6)  Validation  (Ground  and  Flight  Test)  -  System  Test  Results 

Test  requirements  had  to  be  developed  during  the  software  design,  giving  the  oppor¬ 
tunity  of  checking  programs  in  further  steps  against  the  requirements. 

Software  development  was  done  on  the  ATTAS  ground  based  data  processing  system  using 
a  super  mini  computer  MV/6000  of  Data  General. 

The  test  concept  for  ATTAS  software  development  was  applied  in  two  phases: 

-  Modul  Test 
Validation 

Offline  tests  are  required  for  any  module  used  in  different  programs.  This  is  ful¬ 
filled  with  test  programs  to  be  run  on  the  development  system  where  also  the  test  results 
are  reoorded. 

The  design  of  the  ATTAS  ground  system  followed  the  idea  of  testing  all  software 
functions  of  the  target  system  in  the  ground  simulation.  Besides  the  capability  of  test¬ 
ing  Interface  modules  the  major  advantage  is  that  validation  tests  can  be  performed  on 
the  ATTAS  ground  system  prior  to  the  on  board  system. 

Test  functions  generating  command  inputs  are  available  to  be  recorded  with  all  data 
available  as  measured  Inputs  or  program  outputs.  Identical  software  test  procedures  are 
used  in  ' firstf light '  and  'prefllgbt'  tests  in  the  aircraft. 


2.7.3  Dmtm  Recording  and  Handling 

PCM  signal  recording  and  transmission  to  the  ground  station  with  the  telemetry  sys¬ 
tem  is  available.  Besides  this  data  recording  is  done  on  a  digital  magnetic  tape  (800 
bpi,  75  lnoh/seo)  attached  to  the  data  processing  system.  The  format  of  data  recording  is 
the  same  as  the  data  format  used  in  the  computer  system. 

Based  on  the  header  information  a  magnetic  tape  with  raw  data  can  be  processed  in 
the  ground  system  converting  the  data  into  a  format  to  be  exploit  on  the  main  frame  com¬ 
puter  system  with  a  standard  evaluation  program,  DIVA  -  a  dialogue  interpretation  pro¬ 
gram  . 


3.  Flight  Trnats 

Speoial  test  procedures  were  evaluated  for  ATTAS  according  to  the  baslo  airoraft 
maintenance  and  test  instructions.  The  ATTAS  test  oonoept  therefore  divides  into  two 
phases,  'Ground*  and  'In-Flight'  tests. 

Standardized  ground  tests  are  performed  in  periodical  Intervals  or  in  preflight 
oheoks.  In-flight  tests  are  normally  inoluded  in  the  evaluation  program  for  user  flight 

tests . 
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3.1  Ground  Tost  Requirements 

The  ground  testa  are  performed  as  so  called  'Firstfllght »  and  'Preflight »  checks. 

For  Preflight  ohecks  the  data  processing  system  is  Involved  in  all  parts  needed  for 
fly-by-wire  control  functions.  The  program  funotions  cover  all  modes  and  switching  condi¬ 
tions  to  obtain  full  scale  of  test  conditions.  The  GTR's  -  'Ground  Test  Requirements' 
documents  -  give  detailed  information  how  tests  have  to  be  performed  and  how  they  fit  in 
the  baslo  alraraft  checks  and  operations. 

Flratflight  checks  are  also  defined  in  QTR  documents  organized  in  different  parts  to 
check  out  single  components  of  the  equipment  independently.  An  advantage  of  using  the  on 
board  oomputer  system  in  check  out  procedures  results  in  data  recording  and  presentation 
and  of  course  both,  hardware  and  identical  software  oan  be  ohecked  in  connection. 

An  example  for  system  checkout  with  software  functions  generated  in  the  on  board  computer 
system  is  given  by  the  frequency  response  of  the  elevator  actuator  system,  figure  13, 
being  exited  by  a  sweep  function.  The  results  give  a  quick  overlook  how  specified  perfor¬ 
mances  are  met. 


3.2  Operational  and  Certification  Aspeots 

After  implementing  the  data  processing  system  different  vendor  systems  were  tested 
and  tuned  to  reach  an  operational  status.  Also  experiments  for  parameter  identification 
and  calibration  of  the  measurement  equipment  were  oarried  out. 

ATTAS  based  on  the  MBB/VPW  6 1 4  aircraft  was  certified  according  to  FAR  25  including 
amendment  32  by  the  German  authorities  ( LBA ) ,  Additional  certification  basis  for  ATTAS 
took  the  modifications  into  account.  ATTAS  will  always  be  operated  under  a  preliminary 
certification.  DFVLR  is  authorized  to  develop  and  verify  modifications  for  their  own. 

The  ATTAS  safety  system  is  based  on  the  safety  pilot  and  his  basic  hydraulic  mechanical 
control  system.  During  flight  tests  it  was  demonstrated,  that  the  safety  pilot  in  the 
right  hand  seat  could  under  any  condition  and  without  any  problem  take  over  control.  This 
safety  concept  is  referring  to  the  highest  authority  of  the  safety  pilot.  This  is  assured 
by  limitations  in  the  actuators  forces  so  that  in  a  runaway  failure  case  the  most  criti¬ 
cal  resulting  flight  loads,  attitudes  and  rates  do  not  lead  to  a  flight  situation  re¬ 
aching  the  envelope  boundaries.  Presently  the  certification  is  based  on  a  time  delay  for 
the  pilots  reaction  of  2  seconds  in  fly-by-wire  operation  above  500  ft  GND  safety  alti¬ 
tude.  The  simulated  hardovers  showed  typical  reaction  time  of  about  .5  sec  with  rather 
small  transients.  With  the  duplex  FBW  system  operation  below  500  ft  GND  shall  be  tested 
after  more  experiences. 


3.3  Flight  Teat  Results 

The  FBW  control  system  acceptance  and  validation  flight  test  program  carried  out  in 
1987  covered  the  mode  switching  funotions,  flight  control  functions,  switching  tran¬ 
sients,  recovery  procedures  due  to  actuator  hardovers,  failure  mode  evaluation  and  the 
fly-by-wire  operation  in  general.  Switching  and  transient  funotions  occurring  by  switch¬ 
ing  between  FBW-  and  BASIC-mode  operation  have  been  of  main  interest. 

Therefore,  the  FBW-mode  was  switched  off  during  various  aircraft  maneuvers  such  as 
steep  turn,  ’b  roll  rates,  pull  ups,  during  landing  flap  operations  with  and  without 
the  auto  si>viliz«r  trim  system.  An  example  of  the  resulting  transients  during  FBW-off 
switching  is  shown  in  figure  14  demonstrating  smooth  transient  response,  which  was  very 
well  aocepted  by  the  safety  pilot. 

The  FBW  operation  was  tested  throughout  the  complete  flight  envelope,  which  is  pre¬ 
sently  limited  to  a  minimum  altitude  of  500  ft  above  ground  due  to  safety  reasons. 

Aircraft  control  behavior  and  control  system  response  was  evaluated  by  pilot  induced 
high  frequency  inputs.  A  typical  result  is  shown  in  figure  15  where  the  ailerons  are 
excited.  Due  to  the  complete  measurement  of  different  elements  of  the  control  system  a 
detailed  analysis  is  possible.  Test  results  of  show  precise  aileron  response  at  a  fre¬ 
quency  of  about  1.7  Hz  and  a  time  delay  of  about  25  ms. 


3.4  System  Identification 

Special  flight  tests  were  carried  out  to  obtain  precise  information  about  the  com¬ 
plete  ATTAS  aircraft  system.  The  obtained  data  were  evaluated  using  a  sophisticated  DFVLR 
developed  Maximum  Likelihood  (MC)  Identification  Procedure  for  the  estimation  of  parame¬ 
ters  in  nonlinear  systems  t133.  Besides  the  analysis  of  flight  test  data  special  notice 
is  put  on  the  optimization  of  control  Inputs  and  the  conduction  of  the  flight  test 
itself  to  obtain  suitable  data  for  identif ioation  and  save  flight  test  time.  The  well 
known  3-2-1-1  Input  signal  (oompare  with  figure  17)  is  a  result  of  this  optimization 
effort  now  being  generated  as  standard  test  funotion  in  the  FBW  system. 


3.4. t 


Aileron  Control  System 


The  electro-hydraulic  aotuators  connected  to  the  control  taba  on  eaob  aide  and  with 
mechanical  springs  and  aerodynamic  forces  the  ailerons  itself  are  deflected ,  where  left 
and  right  ailerons  are  still  connected  via  cables,  also  with  the  control  wheel. 

The  tine  histories  in  figure  16  show  outout  results  of  Joint  evaluation  of  five 
single  flight  tests  performed  at  increasing  speeds.  The  figure  shows  the  comparison  of 
the  measured  aileron  outputs  with  signals  of  different  mathematical  models  describing  the 
control  system  dynamics.  For  a  precise  fitting  a  second  order  model  with  time  delay  and 
an  Influence  on  the  characteristics  frequency,  depending  on  c..odynamic  tab  forces. 


3.4.2  DLC  Flap  System 

The  control  input  signal  was  identical  to  all  six  Independent  actuator  systems.  One 
DLC  flap  step  response  is  presented  in  figure  17  together  with  the  3-2-1-1  input  signal. 
DLC  flap  situation  with  aotuator  being  connected  to  the  landing  flap  is  presented  with 
the  flight  envelope  for  DLC  flap  operations. 

For  the  identification  of  the  DLC  flap  system,  the  mean  value  of  the  six  independent 
flap  deflection  angles  were  calculated.  Again  different  mathematical  models  were  checked, 
figure  18.  Finally  best  results  were  obtained  with  a  nonlinear  second  order  system  with 
rate  and  deflection  limitations  due  to  the  force  limitations  of  the  aotuators  for  struc¬ 
tural  safety  reasons. 


3.4.3  DLC  Control  Bf f eotlveness 

The  aerodynamic  efficiency  of  a  control  surface  is  only  Identifiable  using  the  en¬ 
tire  dynamic  response  of  the  aircraft,  since  the  aerodynamic  forces  and  moments  are  not 
directly  measurable.  To  determine  nonlinear  control  effectiveness  it  is  necessary  to 
excite  the  system  with  inputs  of  several  different  amplitudes  or  with  inputs  at  different 
reference  control  surface  positions.  In  figure  19  time  histories  represent  one  run  for 
DLC  flap  operations  in  different  reference  positions  for  vertical  acceleration  pitoh  rate 
and  angle  of  attack,  together  with  the  result  of  a  lift  coefficient,  reaching  ±  .  35  g 
vertical  acceleration  as  maximum. 


4.  COICLUSIOIS 

The  flight  control  concept  designed  and  developed  for  ATTAS  proved  as  suitable  and 
effective  to  fulfill  the  requirements  of  a  powerful  and  flexible  testbed  for  research 
applications  as  it  was  demonstrated  in  flight. 

The  design  of  ATTAS  test  equipment  on  board  and  the  operational  concept  turned  out 
to  be  suitable  for  applications  at  DFVLR.  Further,  the  software  development  concept  and 
software  development  system  configuration  ohoosen  for  ATTAS  development  and  operation  was 
very  well  accepted  by  software  design  engineers  and  proved  to  be  very  powerful  for  appli- 
catlonal  programming.  Using  a  high  order  language  for  real-time  processes  was  a  big  help 
for  software  validation  for  experimental  programs. 

Main  improvements  for  the  future  are  seen  in  computer  aided  software  development 
methodology  and  related  tools  to  improve  mainly  system/sof tware  specification  and  soft¬ 
ware  maintenance. 

Results  from  the  flight  tests  showed  that  the  required  performances  could  be 
achieved.  Handling  the  system  turned  out  to  be  very  acceptable  for  the  pilots  in  use  for 
In-fllgbt  simulation.  ATTAS  proved  to  be  an  acceptable  testbed  for  flight  control  systems 
and  applications  for  5-DOF  in-flight  simulations. 
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Figure  t.  ATTAS  In  flight 
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Figure  9.  Fly-by-wire  control  functions 
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Figure  10.  FBV  function  for  elevator  control 
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Figure  13.  Bl< 


Figure  14.  Fly-By-Wire  Transient  functions  histograaa 


Figure  15.  Aileron  control  syateu  frequency  response 
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Figure  16.  Aileron  systen  identification  results 


rigor*  17.  DLC  flap  step  raapona* 


12 

Conlrol  v 
Inpul 

12 

rU 

l# 

1 

37 

DLC 

Flap  das 
Dafl 

-37 

r\JV 

iff 

11 

37 

DLC 

Flap  das 
Daft 

-37. 

J_UV 

iff 

it 

37 

DLC 

Flap  das 
Daft. 

-37 

njir 

iff 

It 

Tima 


30 


Flgar*  18.  DLC  actuator  ldant if loatloo  raaolta 


37, 


DLC 

Flap  dag 

Dali. 

-37 

-1  t  -1  1 

1.4 

Vart.  a 

Ace.  * 

0.4 

S 

««ch  <*,/, 

Rata 

-5 

10 

Angla 

of  dag 

Attack 

Fiftra  19.  DLC  flap  ayataa  Idaatlf laatloa  raaalta 


3-1 


P-180  AVANTI  -  Project  and  Flight  Test  Program  comprehensive  overview 


R.  de’  Pompeis  -  E.  Trainl 

Chief  Flight  Test  Depc.  -  Chief  Flight  Test  Pilot 
I.A.M.  Rinaldo  Piaggio  S.p.A. 

Via  Cibrario,  2 
16154  GENOVA  SESTRI  -  ITALY 


SUMMARY 

Among  the  turboprops  in  advanced  flight  testing  phase,  the  Piaggio  P-180  AVANTI  (see  fig. 
1)  possesses  exciting  features. 

Very  unconventional  shape,  characterized  by  3  lifting  surfaces,  pusher  props,  mid  wing 
very  rearback  mounted,  is  coupled  with  outstanding  speed  and  range  performances. 

The  project  and  flight  test  programs  planning  has  required  much  care  for  the  peculiar 
characteristic  of  the  aircraft. 

Areas  of  extensive  in-flight  investigation  were: 

-  flutter  expansion 

-  stability  and  control  at  high  angle  of  attack 

-  laminar  flow  investigation 

-  flap  system  tuning 

-  propeller  stress 

This  paper  focuses  on  the  P-180  project  and  flight  test  programs  presenting  the  project 
concepts  and  the  test  results  achieved  to  date. 

The  flight  test  program,  actually  in  the  certification  phase,  has  achieved  more  than  600 
flight  hours  and  R.A.I./F.A.A.  initial  certification  is  expected  for  mid  1989. 


1.  HYSTORICAL  BACKGROUND 

In  1979  I.A.M.  Rinaldo  Piaggio  S.p.A.  launched  a  research  program  for  the  study  of  a  new 
generation  F.A.R.  23  category  turboprop  aircraft. 

The  only  design  goals  clear  in  the  engineer’s  mind  were  near-jet  cruise  speeds,  high  fuel 
efficiency,  short  runway  capability  and  large  cabin  dimension  for  optimum  passenger  com¬ 
fort.  The  different  configuration  initially  under  f tudy  are  shown  in  fig.  2. 

Piaggio  settled  on  a  totally  brand  new  aircraft  featuring  three  lifting  surfaces  (3LS)  and 
pusher  props  rear  mounted  on  high  efficiency  laminar  flow  wing. 

The  project  code  was  P-180  and  the  commercial  name  chosen  for  the  aircraft  was  AVANTI. 
Gates  Lear jet  Corp.  entered  the  program  in  1982  with  a  50%  partnership  with  the  task  of 
pioducing  the  aircraft  fuselage. 

The  AVANTI  novel  aerodynamic  formula  was  extensively  studied  spending  more  than  5000  hours 
in  wind  tunnel  testing  (fig.  3)  at  different  facilities  in  the  United  States  such  as  the 
University  of  Kansas,  the  Boeing  Aerospace  and  General  Dynamics/Convair . 

Low  speed  wing  tunnel  tests  were  made  in  Italy  at  Piaggio’ s  Finale  Ligure  factory  and 
additionally  at  Aermacchi  S.p.A.  Varese  plant. 

In  the  same  time,  the  Center  for  Research  and  Development  Corp.  based  at  San  Diego,  CA 
conducted  a  finite  element  analysis  for  the  prediction  of  the  aircraft  structure  behaviour 
under  all  conditions  of  static  and  dynamic  loading. 

While  the  theoretical  analisys  and  the  wind  tunnel  tests  went  on,  in  1983  Gates  Learjet 
started  the  fuselage  production  for  the  first  two  prototypes  at  the  Wichita,  KS  firm  faci¬ 
lities  . 

In  the  summer  1985,  Gates  announced  its  dropping  out  of  the  AVANTI  partnership  for 
financial  reasons. 

Since  that  date,  Piaggio  proceeded  alone  toward  the  first  prototype  roll-out  on  the  19th 
April  '986. 

After  few  months,  on  the  20th  August  1986,  during  high  speed  taxiing  trials,  the  chief 
test  pilot  Enzo  Traini,  with  the  chief  flight  test  Roberto  de’  Pompeis,  lifteu-off  the 
aircraft  *"or  a  little  jump  in  the  air,  but  the  officially  recorded  first  flight  happened 
later  on,  on  September  23,  1986. 


While  the 
the  first 
After  the 
scheduled 


first  prototype  underwent  the  first  development  tests,  the 
time  on  May  14,  1987. 

necessary  Development  Test  Phase  (riP),  the  two  prototypes 
F.A.R.  23  Certification  Test  Phase  (CTP)  on  March  3,  1988. 


second  one  cw  fnr 
started  with  the 


In  August  1988  Italian  Air  Force  Flight  Test  Center  (R.S.V.)  flew  the  P-180  for  a  prelimi¬ 
nary  evaluation  as  short  to  medium  range  transport  and  advanced  trainer  aircraft. 


Up  to  now  more  than  600  hours  have  been  dedicated  to  achieve  Federal  Aviation  Administra¬ 
tion  and  Registro  Aeronautico  Italiano  certifications  both  expected  for  the  spring  of  the 
1989. 


2.  THE  AVANTI  CONCEPT 

2.1  AIRCRAFT  GENERAL  DESCRIPTION 

The  Piaggio  P-180  AVANTI  is  a  single  pilot  general  aviation  business  aircraft  with  a  10810 
lbs  (4900  Kg)  MTOW . 

It  is  powered  by  two  PT6A-66  Pratt  &  Whitney  of  Canada  turboprop  engines,  each  with  a 
maximum  rating  of  about  1450  shp  (1081  KW),  flat  rated  to  850  shp  (634  KW)  at  standard  sea 
level  up  to  about  25000  ft  (7620  m) . 

Two  counter-rotating  Hartzell  five  blades  aluminum  propellers  push  the  AVANTI  up  to  400 
kts  (740  km/h)  top  true  airspeed. 

The  aircraft  maximum  operating  speed  (Vmo)  is  300  KEAS  (555  km/h)  up  to  20000  ft  (6561  m) . 
From  here  up  to  the  41000  ft  (13000  m)  maximum  operating  altitude  the  mach  limitation  is 
0.67  Mmo  (fig.  4) . 

The  landing  configuration  minimum  stalling  airspeed  is  85  kts  (157  km/h). 

The  passenger  pressurized  cabin  offers  great  internal  comfort  thanks  to  its  outstanding 
dimensions,  72  in  (1.84  m)  wide  and  69  in  (1.75  m)  high,  and  to  the  8.4  psi  pressure 
di fferent ial . 

Low  level  cabin  noise  and  quite  complete  absence  of  vibration  are  achieved  thanks  to  the 
rear  propeller  position,  to  the  high  laminar  flow  extension  on  the  fuselage  and  to  the 
special  attachment  system  of  the  engines. 

The  composite  materials  have  been  used  not  extensively  so  that  only  about  the  20%  of  the 
airframe  is  epoxy  made  while  aluminum  alloy  was  used  for  the  rest. 

The  major  composite  sections  are  the  tail,  nacelles  and  forward  wing  all  items  out  of 
pressurized  area  and  not  in  contact  with  fuel  (fig.  5). 


2.2  AERODYNAMIC  CONCEPT 

To  achieve  their  outstanding  goals  Piaggio*  engineers  used  advanced  aerodynamic  concepts, 
some  of  them  never  seen  before  on  production  general  aviation  aircraft  (fig.  5): 

-  three  lifting  surfaces  (3LS) 

-  natural  laminar  flow  (NLF)  wing 

-  pusher  propellers 

-  flaps  on  botn  main  a*  it*  forward  wing 

-  delta  fins 

In  many  of  the  aircraft  flight  conditions,  the  3I.S  layout  provides  both  trim  and  induced 
drag  lower  than  they  would  be  with  a  conventional  2LS  design. 

Inf act  during  cruise,  both  main  and  forward  wing  produce  upward  quite  self  balancing 
forces  and  only  a  negligible  amount  (about  1-5%  of  the  total  load)  of  negative  lift  is 
generated  by  the  horizontal  tail. 

Since  the  forward  wing's  balancing  force  acts  in  the  same  way  as  main  one,  this  last  has 
to  produce  a  lift  lower  than  a  conventional  2LS  layout  so  that  the  induced  drag  lift 
generated  is  lower  too. 

Thanks  to  the  low  tail  load  and  to  the  lift  sharing  between  main  and  forward  wing,  the  3LS 
configuration  permits  smaller  lifting  surfaces  than  they  would  be  in  a  conventional  2LS 
design  thus  reducing  in  part  profile  drag  too. 

Setting  back  the  main  wing  as  in  the  3LS  layout  allows  a  cabin  with  no  internal  obstruc¬ 
tion  and  a  mid-fuselage  wing  positioning  that  is  another  low  drag  aerodynamic  solution  for 
it  reduces  interferences  between  the  wing  and  the  fuselage. 

Finally  the  3LS  concept  also  allows  a  wider  center  of  gravity  travel  than  a  conventional 
2LS  configuration. 
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The  3LS  layout  is  responsible  for  the  AVANTI* s  low  cruise  drag  as  well  as  the  existence  of 
natural  laminar  flow  ( NLF )  on  both  aircraft  wing  and  fuselage. 

To  achieve  low  drag  in  cruise  the  main  wing  has  been  provided  with  NLF  airfoils  studied  by 
the  Ohio  State  University. 

The  rearloaded  profiled  used  on  the  wing  also  give  the  aircraft  the  capability  to  reach  a 
very  high  critical  Mach  number  (0.71). 

Special  studies  on  the  fuselage  shape  and  cross  sections  allowed  to  keep  laminar  flow  over 
the  nose  of  the  cabin. 

In  the  attempt  to  keep  as  low  as  possible  the  AVANTI ' s  drag,  Piaggio's  engineers  applied 
the  pusher  configuration  concept  to  the  aircraft:  there  being  no  propwash  on  the  main 
wing,  the  laminar  flow  is  enhanced. 

The  pusher  configuration  also  provides  better  flying  qua-ities  since  the  rear  propeller 
position  gives  a  stabilizing  effect. 

To  give  the  aircraft  no  critical  engine  the  propellers  are  counter-rotating. 

Locating  the  props  rear  the  wing  finally  improve  the  aircraft  crashworthiness  too. 

Flaps  on  both  main  and  forward  wing  allow  the  AVANTI  to  reach  stalling  speeds  in  take-off 
and  landing  configuration  lower  than  those  that  should  be  achieved  with  a  single  surface 
flap  design. 

The  contemporary  deflection  of  the  flaps  on  the  forward  and  main  surfaces  keeps  the 
aircraft  in  trim  for  every  flap  configuration  change  and  tuning  the  deflection  time-law 
with  care  allows  nor  pitching  moment  variation  neither  pilot  action  on  the  stick  during 
transient. 

Delta  fins  fixed  on  the  fuselage  aft  portion,  out  of  wing  or  fuselage  wake,  provide  the 
AVANTI  with  a  longitudinal  stabilizing  force  at  low,  near-stall  speed  keeping  out  the 
aircraft  from  deep  stall. 

They  also  provide  a  strong  directional  stability  contribution  in  every  flight  condition. 


2.3  HYDRAULIC  AND  ELECTRIC  SYSTEMS 

The  hydraulic  system  of  the  P-180  provides  hydraulic  power  for  landing  gear  extension  and 
retraction,  nose  wheel  steer  and  wheel  brake  function. 

An  electric  motor  driven  hydraulic  power  generating  unit,  whose  main  components  are  a 
variable  displacement  pump,  a  reservoir,  a  low  pressure  filter  and  a  landing  gear  selector 
valve,  is  the  main  item  of  the  system. 

In  case  of  lack  of  pressure  from  the  hydraulic  power  unit,  due  to  components  or  line 
failure,  the  aircraft  shall  be  brought  to  a  safe  landing  through  a  hand  pump  and  an  emer¬ 
gency  independent  ducting  system  for  the  brake  operation. 

The  DC  generation  and  distribution  systems  are  mainly  composed  by: 

-  a  nikel-cadmium  25.2  Volts,  36  Ampere-hour  battery  that  allows  the  engine  start  without 
External  Power  Unit 

-  two  generators  (30  Volts  -  400  Amperes)  working  in  parallel  with  the  battery  and 
functioning  also  as  starters 

-  two  control  units  controlling  the  engine  starts  in  manner  to  keep  constant  the  genera¬ 
tors  output  voltage  and  checking  in  general  the  two  generators  functionability  in  order 
to  prevent  critical  conditions  due  to  overvoltage,  or  inverted  currents  or  overexclta- 
tion 

-  6  different  buses  sharing  the  systems  loads  in  accordance  with  the  systems  importance 

All  the  DC  systems  are  protected  against  accidental  failures  thanks  to  left  and  right 
systems  automatic  separation  operated  by  overload  sensors,  pilot  buses  cables  protection 
and  block  diods  on  the  various  multiple  alimentation  lines. 

AC  generation  and  distribution  is  achieved  through  two  static  inverters  of  250  VA 
installed  in  the  aircraft  radome  and  controlled  by  a  control  unit. 

Each  inverter,  able  to  supply  all  the  necessary  utilities,  in  connected  to  a  115  V  (AC) 
bus  and  to  a  26  V  (AC)  400  Hz  bus. 

In  case  of  primary  Inverter  failure,  the  control  unit  set  automatically  the  utilities  on 
the  secondary  inverter  that  loose  the  capability  of  supplying  its  own  utilities. 

Major  utilities  are  protected  by  mean  of  breakers. 


2.4  FLIGHT  CONTROL  SYSTEMS 

The  primary  flight  control  systems  (F.C.S.)  are  not  power-assisted  and  utilize  traditional 
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cables  and  pulleys. 

Only  ailerons  have  been  rigidly  connected  through  rods  because  a  traditional  cable 
connection  should  not  ensure  the  sufficient  stiffness  on  such  a  rearloaded  wing;  in  fact 
the  subsequent  not  perfect  ailerons  positioning  during  high  speed  cruise  would  destroy  the 
original  pressure  distribution  over  the  wing  itself. 

All  the  movable  surfaces  are  mass  and  aerodynamically  balanced. 

The  secondary  FCS  such  as  longitudinal,  lateral  and  directional  trims  are  electrically 
servo-assisted . 

In  particular  the  longitudinal  trim  has  a  fail  safe  actuator  with  both  electrical  and 
mechanical  redundancy. 

The  AVANTI * s  flap  system  is  composed  of  the  following  subsystems: 

-  a  main  wing  outboard  fowler  flap  (MWOF)  located  on  the  part  of  the  wing  outboard  of  the 
engine  nacelle. 

Left  and  right  wing  flap  are  moved  by  a  single  electrical  motor  since  they  are 
mechanically  interconnected. 

-  a  main  wing  inboard  slotted  flap  (MWIF)  located  in  the  part  of  the  wing  between  the 
engine  nacelle  and  the  fuselage.  Also  this  subsystem  is  moved  by  a  single  electrical 
motor  since  mechanically  interconnected. 

-  a  forward  wing  slotted  flap  (FWF)  which  is  not  mechanically  interconnected  and  each  one, 
left  and  right,  is  moved  by  a  single  electrical  motor. 

-  an  Electronic  Control  Unit  (E.C.U.)  receives  the  input  from  the  flap  lever,  enables  the 
proper  movements  of  the  flaps,  checks  the  proper  operations  of  the  system  supplying  the 
electrical  power  to  the  motors  and  finally  phasing  the  MID  position  of  all  the  flaps. 


2.5  ENGINES 

Piaggio  chose  to  install,  on  the  AVANTI,  engines  of  low  specific  fuel  consumption,  with 
high  altitude  flying  capability  (at  least  35000  ft)  and  belonging  to  a  vary  widely 
in-flight  proved  engine  family. 

That  is  why  AVANTI  is  powered  by  two  lightweight  free  turbine  PT6A-66  P&W  of  Canada,  each 
rated  at  850  shp  at  standard  sea  level  up  to  about  25000  ft. 

The  PT6A-66  engine  has  infact  the  following  characteristics: 

-  low  specific  fuel  consumption  (SFC=0.5  lb/hr/hp) 

-  rear  gearbox  optimised  for  the  AVANTI 

-  modularity 

-  low  operation  costs 

-  ease  of  maintenance 

-  -<ore  than  1000000  hours  flown  all  over  the  world  (all  the  versions) 


2.6  AVIONIC  SYSTEM 

The  system  installed  on  the  aircraft,  though  representing  the  state-of-the-art  avionic 
technology,  is  quite  simple  and  uncomplicated  to  use  being  studied  for  a  f.A.R.  23 
aircraft . 

The  design  criteria  for  the  avionic  system  were: 

-  single  pilot  operation 

-  low  pilot  workload 

-  long  range  I.F.R.  navigation  capability 

-  full  integration  with  other  aircraft  system 

-  full  provision  for  growth  and  development  in  the  future 

All  the  avionic  systems  installed  on  board  are  powered  by  a  conventional  electrical  supply 
system . 

The  prototype  No.  2  cockpit  is  shown  in  fig.  6  where  it  is  possible  to  see  the  following 
systems : 

-  2  Communication  VHF 

-  2  Navigation  VHF 

-  2  Transponder 

-  Weather  Radar 

-  ADF 
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3.  DEVELOPMENT  AND  CERTIFICATION  TEST  PLAN 

The  overall  program  has  been  structured  in  such  a  way  as  to  cope  with  the  different 
customer  requirements,  to  provide  for  a  low  risk  for  the  manufacturer,  and  to  design, 
develop  and  manufacture  the  aircraft  in  a  cost  effective  way. 

The  DTP  and  CTP  phases  have  been  organized  in  manner  to  show  compliance  with  the  normal 
F.A.R.  23  rules  and  the  additional  special  requirements  (Special  Conditions)  issued  by 
F.A.A.  on  the  following  items: 

-  composite  structure  fatigue  damage  tolerances 

-  doors  and  exits 

-  forward  and  main  wing  flap  system  interconnection 

-  forward  wing  loads 

-  propeller  ground  clearance 

-  propeller  markings 

-  propeller  ice  protection  and  exhaust  gas  impingement 

-  cockpit  smoke  evaluation 

-  buffet  onset  envelope 

-  contamination  on  laminar  flow 

-  inadvertent  excursion  beyond  max  operating  speeds. 

To  achieve  these  goals,  the  planning  of  the  P-180  development  and  certification  tests  have 
required  5  test  articles: 

-  1  static  test  article 

-  2  flying  prototype  aircrafts 

-  1  flying  production  aircraft 

-  I  fatigue  test  article 

The  planning  and  main  milestone  are  shown  in  fig.  7.  The  DTP  phase  has  lasted  30  months 
while  the  CTP's  end  in  expected  for  raid  1989. 


4.  FLIGHT  TEST  PROGRAM 

The  flight  test  programs  mainly  based  on  two  flying  prototypes  while  the  first  production 
aircraft  will  be  utilized  only  for  confirming  all  the  configuration  changes  either  retro¬ 
fitted  on  the  prototype  or  ex-novo  installed  (like  the  brand  new  two  pieces  windshield). 

Up  to  date  more  than  600  flight  hours  have  been  totalized  on  both  prototypes  (fig.  8)  so 
showing  the  aircraft  good  reliability. 

The  flight  test  program  schedule  is  based  on  15  productive  flights  per  month  per  test 
aircraft. 

The  test  program  has  been  prepared  in  agreement  with  the  following  criteria: 

-  utilization  of  the  prototype  No.  1  mainly  for  the  flight  envelope  expansion  while  the 
prototype  No.  2  is  dedicated  to  powerplant  and  systems  testing 

-  keeping  on  ground  one  aircraft  at  a  time  and  not  more  than  4  weeks 

-  enlargement  of  the  flight  test  envelope  through  handling  qualities  checks  and  structural 
flutter  clearance  so  that  step  by  step  crew  familiarization  with  the  aircraft 
characteristics  is  possible 

-  in-flight  testing  oi  the  proposed  experimental  modifications  in  order  to  identify  the 
satisfactory  solutions  to  be  included  in  the  final  production  configuration 

-  utilization  of  the  multiraission  concept  to  effectively  evaluate  and  integrate  the  total 
aircraft  systems  in  lieu  of  individual  component  or  system  testing 

-  extensively  use  of  model  data  and  simulation  results  before  testing  extreme  flight 
conditions 

The  main  areas  tested  and  the  tests  sharing  between  the  two  aircrafts  are  shown  in  fig.  9. 

Since  all  the  modifications  have  been  selected,  the  aircraft  configuration  has  been  frozen 
and  the  test  program  is  proceeding  toward  certification. 

In  fact,  following  Piaggio's  own  evaluation,  R.A.I.  accepted  to  fly  the  aircraft,  on  the 
3rd  March  1988,  as  having  achieved  an  adequate  standard  for  certification. 

As  already  stated,  according  to  the  actual  test  program  schedule  Piaggio  expects  to  reach 
R.A.I.  initial  certification  for  the  spring  1989  while  F.A.A.  certification  is  scheduled 
to  be  achieved  not  long  after. 


5.  FLIGHT  DATA  ACQUISITION 


The  flight  data  acquisition  system  was  designed  to  satisfy  the  needs  for  a  rapid  exposure 
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and  understanding  of  problems. 

Data  measurement,  recording  and  processing  systems  were  geared  in  terms  of  capacity, 
accuracy,  resolution  and  rapidity  of  data  production  to  facilitate  and  ensure  expedient 
tactical  decisions  relating  to  remedial  action  or  redirection  of  the  flight  program  as 
required . 


5.1  FLIGHT  TEST  INSTRUMENTATION 

Tc  carry  out  tiie  flight  v-'3t  program  scheduled  in  a  c:si  effective  wav,  Piaggio's  engi¬ 
neers  provided  both  the  1st  and  2nd  prototypes  with  a  number  of  F.T.I.  facilities  appro¬ 
priate  to  the  test  program  for  that  aircraft,  plus  those  required  by  the  back  up  role. 
These  facilities  include  data  acquisition  and  on  board  recording  system,  a  single  channel 
telemetry  for  the  total  PCM  data  stream  transmission  mixed  with  intercom  speech,  video 
camera  system,  flutter  excitation  system,  time  correlation  and  syncronization  systems. 

A V ANT 1 ' s  data  acquisition  system  (fig.  10)  actually  allows  the  measurement 
of  about  250  parameters  that  roughly  include: 

-  65  pressure  measurements 

-  25  motion/displacements  measurements  of  the  aircraft  control  surfaces  or  of  any  other 
aircraft  component 

-  85  temperature  measurements 

-  15  electrical  signals  measurements 

-  3  aircraft  linear  accelerations  (body  axis  Jx,  Jy  and  Jz) 

-  3  aircraft  angular  velocity  measurements 

-  54  miscellaneous  (flows,  forces,  torques,  events,  vibrations) 

During  both  the  development  and  certification  tests,  the  parameters  number  has  been 
changed  from  test  to  test  depending  on  the  test  purpose. 

The  total  sample  rate  generally  used  for  data  acquisition  is  2048  sample/ second. 

Any  single  parameter  can  be  sampled  from  a  maximum  of  228  s/s  to  a  minimum  of  0.5  s/s. 

The  total  sample  rate  of  the  system  can  be  enlarged  up  to  32  times  so  permitting  a  maximum 
sample  rate  of  65536  s/s. 

Specific  tests  such  as  flutter  or  airloads  survey  tests  have  required  specific  F.T.I. 
installations . 

Flutter  test  F.T.I.  consists  in  18  pyrotechnical  bonkers  located  on  forward  and  main  wing, 
horizontal  and  vertical  tail  able  to  excite  any  airframe  vibration  mode. 

In  addition  inertial  shakers  are  placed  on  the  two  engines  between  the  flange  and  the 
crandle  of  each  one  to  study  eventual  coupling  between  airframe  and  engines  themselves. 

The  airframe  free  response  is  detected  by  36  pre-ampllf ied  accelerometers  whose  signals 
are  first  low  pass  filtered  and  then  recorded,  together  with  the  pilot's  voice  on  a  FM 
magnetic  tape  recorder. 

Due  to  the  different  geometric  and  aerodynamic  characteristic  of  the  three  lifting 
surfaces,  their  pressure  distribution  was  checked  using  different  measurement  means  for 
each  one . 

Spanwise  and  chordwise  pressure  distribution  on  forward  wing  was  determined  via  15  skin 
pressure  transducers  while  airloads  acting  upon  the  wing  have  been  checked  by  means  of  19 
strain  gauges. 

Vertical  tail  was  controlled  through  40  pressure  taps  connected  to  a  scanivalve,  while  the 
stabilizer  and  the  elevator  were  instrumented  both  with  15  skin  pressure  transducer  and  40 
scanivalve  pressure  taps. 


5.2  GROUND  DATA  PROCESSING  FACILITIES 

Real  time  test  monitoring  is  provided  by  a  ground  station  linked  to  the  test  aircraft  via 
a  telemetry  system  with  a  computer  controlled  paraboloid  antenna. 

The  computerized  ground  station  showed  in  fig.  11  allows  to  receive,  record  on  back-up 
tape,  decode,  display  and  analyse  in  real  time  the  data  acquired  while  testing  the 
aircraft . 

64  parameters  among  the  about  250  data  transmitted  via  telemetry  are  available  both  in 
digital  and  bar-graphs  format  on  three  color  monitors  all  connected  to  thermal  printers. 
Furthermore  it  is  possible  to  select  16  of  the  64  parameters  available  and  record  them  on 
two  8-tracks  paper  recorders. 

Dedicated  leds  properly  located  on  the  front  consolle  in  the  ground  station  allows  the 
flaps  and  gear  position  checking  while  a  line  of  green  light  leds  give  information  on  the 
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state  of  the  pyrotechnical  charges  installed  on  the  aircraft  for  specific  flutter  tests. 

Telemetry  antenna  aiming  is  controlled  by  means  of  a  HP-71  pocket  computer  that  analyse 
the  aircraft  signal  quality  and  set  the  best  receiving  antenna  angle. 

Post  flight  data  processing  include  primary  PCM  into  secondary  computer  tape  conversion 
process  plus  total  flight  time  history  plotting. 

The  flight  test  recorded  data  can  then  be  processed  by  each  specialist  via  a  terminal 
network  managed  by  a  Digital  PDP  11-44. 

Compared  with  the  flight  test  program  complexity,  the  AVANTI ' s  post  processing  facilities 
allows  a  quic*.  turn-arouud  of  data  for  an  efficient  flight  program  proceeding. 


6.  SAFETY  EQUIPMENTS 

Special  care  has  been  spent  in  the  determination  of  the  safety  equipments  to  be  installed 
on  the  two  aircrafts. 

Both  the  aircrafts  have  been  provided  with  an  expecially  studied  egress  system  enabling 
pilot  and  co-pilot  to  quickly  reach  the  exit  doors  and  bail  out. 

Since  the  first  prototype  has  been  dedicated  to  the  flight  envelope  expansion  it  has  been 
equipped  with  a  tail  parachute  which  can  be  used  during  both  flutter  or  high  AOA 
investigations. 


7.  FLIGHT  TEST  RESULTS 
7.1  FLUTTER 

AVANTI 's  high  operating  and  dive  speed  coupled  wiht  T-tail  configuration  have  required 
much  care  in  reaching  flutter  envelope  borderlines. 

Before  flutter  flight  testing,  extensive  Ground  Vibration  Test  (GVT)  were  accomplished  by 
French  ONERA  and  German  DFVLR  at  Piaggio's  facilities  in  Genova. 

First  flutter  investigation  flight  was  performed  at  140  keas  (260  Km/h)  and  14000  ft  (4270 
m),  on  the  31-10-86  and  going  ahead  with  a  10  kts  step  finally  on  the  15-2-88  the  flutter 
envelope  has  been  successfully  opened  up  to  300  keas  (555  Km/h)  Vmo  and  0.7  Mach  Mmo  at 
30000  ft  (9144  m) . 

Fig.  12  shows  the  test  point  flown  for  the  flutter  envelope  investigation. 

Thanks  to  the  great  exte.it  of  on  ground  tests  and  computer  analysis  no  surprise  came  out 
from  the  flight  test  and  the  frequencies  and  the  dampings  found  are  in  agreemnt  with  the 
calculated  ones. 

Fig.  13  shows  the  comparison  between  calculated  and  experimental  damp^ngs/f requencies  for 
different  surfaces  vibration  modes. 

Though  the  maximum  operating  speed/Mach  has  been  already  cleared,  dive  speed/Mach  is  still 
restricted  pending  completation  of  the  airframe  ongoing  static  tests  and  windscreen  ground 
testing . 

Piaggio's  engineers  actually  do  not  foresee  any  problem  to  reach  the  VD/MD  as  scheduled. 


7.2  STALLS 

High  angle  of  attack  handling  qualities  and  stall  characteristics  were  extensively  inve¬ 
stigated  in  the  Piaggio's  low  speed  wind  tunnel  to  provide  the  aircraft  with  a  quite  usual 
stalling  behaviour. 

Initial  studies  indicated  a  4°  forward  wing  angle  of  incidence,  with  respect  to  the  air¬ 
plane  reference  line,  to  obtain  the  forward  wing  stall  before  the  main  one  in  order  to 
avoid  the  hazard  of  pitch  up  at  high  AOA. 

Moreover  stalling  the  forward  wing  before  the  main  one  set  back  the  aircraft  neutral  point 
so  that  better  longitudinal  stability  is  also  achieved  and  higher  stick  force  is  required 
to  stall  the  aircraft. 

Initially  experienced  stall  behaviour  was  not  satisfactory  because  nose  down  was  not  sharp 
and  the  main  wing  dropped  laterally  when  reaching  more  than  25°  of  AOA  in  clean  configura¬ 
tion. 

Positive  considerations  came  from  the  fact  that  stall  natural  warning  was  well  clear  in 
clean  and  landing  although  in  take-off  configuration  it  seemed  to  disappear  for  a  while 
during  the  deceleration. 

Longitudinal,  lateral  and  directional  controls  were  always  fully  effective  before,  at  and 
after  stall. 
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Reducing  the  elevator  deflection  from  25°  down  to  22°  allowed  to  reach  lower  stall  angle 
of  attack  and  introducing  partial  leading  edge  stall  strip  on  the  forward  wing  improved 
stall  behaviour  since  resulted  in  a  sharper  nose  down.  Unfortunately  undesired  wing 
dropping  was  still  experienced. 

In  order  to  reduce  the  dynamically  reached  stalling  angle  of  attack,  the  elevator 
deflection  was  reduced  progressively  from  22°  down  to  16°.  Flight  tests  showed  that  wing 
stalling  was  not  yet  completely  satisfactory. 

The  outboard  main  wing  was  therefore  fitted  with  a  small  stall  strip  located  in  the 
proximity  of  the  engine  nacelles. 

Moreover  delta  fins  were  enlarged  in  the  attempt  to  enhance  their  stabilizing  directional 
and  longitudinal  forces  at  high  AOA. 

In  the  same  time,  to  unload  the  low  aspect  ratio  forward  wing  in  order  to  improve  the 
aircraft  cruise  performance,  the  canard  angle  of  incidence  was  reduced  to  3°. 

To  get  the  same  forward  wing  stalling  characteristics  achieved  with  the  4°  angle  of 
geometric  incidence,  a  full  span  strip  was  installed  on. 

Final  configuration  testing  showed  satisfactory  stalling  characteristics  no  wing  lateral 
drop  with  any  flap  and  gear  position  regardless  of  the  center  of  gravity  position  and  in 
every  flight  condition  required  by  the  F.A.R.  rules. 

P-180  stall  can  be  actually  defined  quite  usual,  with  full  control  authority,  with  a 
strong  unmistakeable  natural  warning,  with  full  longitudinal  control  deflection  and  strong 
stick  force  employment. 


7.3  STABILITY 

Despite  of  its  unconventional  desing,  P-180  has  shown  conventional  stability  and  con¬ 
trollability  throughout  its  flight  envelope  (see  fig.  14a) 

Both  dynamic  and  static  longitudinal  stability  resulted  within  the  required  F.A.R.  23 
limits  and  were  satisfactory  judged  by  the  test  pilots  in  all  the  flight  conditions. 

In  particular  it  must  be  noted  that  at  near  stall  speeds,  both  stick  force  and  elevator 
deflection  to  pull  the  aircraft  are  enhanced  since  the  forward  wing  early  stall  sets  back 
the  aircraft  neutral  point  so  increasing  the  stability  margin  (see  fig.  14b). 

During  the  development  phase,  static  lateral-directional  stability  was  improved  installing 
a  new  fairing  on  the  fin  in  order  to  reduce  the  surface  angle  of  swept,  to  increase,  in 
same  time,  the  rudder  surface  and  to  achieve  also  as  secondary  effect  the  reduction  of  the 
wake  behind  the  top  of  the  tail. 

In  particular  to  enhance  the  lateral  directional  stability  in  landing  configuration  the 
aircraft  was  provided  with  brand  new  nose  landing  gear  door  of  reduced  surface  (see  fig. 
14c) 

In  addition  to  the  above  mentioned  modifications,  to  improve  both  lateral/directional  and 
longitudinal  stability  in  all  the  flight  conditions  and  expecially  at  high  angle  of  attack 
the  delta  fins  were  enlarged. 

Final  conf iguration  includes  all  the  modification  previously  outlined  and  it  has  shown 
very  satisfactory  characteristics  throughout  the  flight  envelope. 


7.4  PERFORMANCES 

The  test  technique  utilized  for  the  cruise  performance  determination  was  the  one  of  the 
level  flight  stabilized  points. 

Because  of  the  high  speed/Mach  achievable  in  level  flight,  the  method  used  in  the 
performing  of  the  tests  was  that  named  constant  nV/S  H  typically  used  for  jet  aircraft. 

Predicted  speed  performances  of  the  aircraft  were  fully  verified  since  top  true  airspeed 
reached  during  flight  test,  cruising  at  30000  ft  (9144  m) ,  was  403  kts  (746  Km/h). 

The  in-flight  measured  specific  range  was  slightly  lower  than  expected  (3%  less). 

Flying  a  typical  I.F.R.  mission  as  provided  by  the  National  Business  Aircraft  Association 
(N.B.A.A.)  at  39000  ft  (11887  m)  and  300  kts  (556  Km/h)  of  true  airspeed,  the  maximum 
range  was  1510  nm  (2800  Km)  carrying  4  passengers  and  2700  lbs  (1225  Kg)  of  fuel  including 
fuel  reserves  for  alternate  airport  at  100  nm  (180  Km)  and  30  minutes  of  loiter  at  5000  ft 
( 1520  m) . 

Climb  performance  tests  were  accomplished  using  the  sawtooth  climb  technique. 

Test  results  showed  a  3500  fpm  (18  m/s)  two  engine  climb  rate  and  a  1000  fpm  (5  m/s)  one 
engine  out  climb  rate  achieved  at  standard  sea  level  and  MTOW. 

The  calibrated  one  engine  level  flight  airspeed  achieved  was  an  outstanding  200  kts  (370 
Km/h)  at  I . S . A .  5000  ft  (1520  m)  and  MTOW. 


Take-off  and  landing  performances  have  been  determined  using  the  French  STRADA  trajecto- 
graphic  laser  system  at  the  Centre  d’Essais  en  Vol  homed  at  Bretigny  sur  Orge  (France). 
The  total  field  lenght  required  for  take-off  the  P-180  at  MTOW  in  a  standard  day  w is  2500 
ft  (760  rn)  while,  at  Maximum  Landing  Weight  the  distance  necessary  to  land  and  stop  the 
aircraft  without  use  of  reverse  was  2000  ft  (610  m). 


7.5  AERODYNAMIC  INVESTIGATION 

The  aerodynamic  investigation  on  the  P-180  had  mainly  three  tasks: 

1)  the  verifying  of  the  effects  of  contamination  of  laminar  flow  on  different  airframe 
areas  such  as  main  and  forward  wing,  horizontal  and  vertical  tail,  fuselage,  engine 
nacelles ; 

2)  the  checking  of  the  NLF  real  extension  on  the  full  scale  aircraft  and  in  real  operating 
condition; 

3)  the  measurements  of  the  pressure  distribution  over  the  forward  wing,  the  main  wing,  the 
horizontal  and  vertical  tail. 

In  particular,  checking  the  effects  of  contamination  on  the  AVANTI's  NLF  wing  airfoils  and 
the  pressure  distribution  measurements  over  the  lifting  surfaces  were  requested 
respectively  by  two  F.A.A.  Special  Condition,  SC-3  and  SC-5. 

7.5.1.  NLF  visualization 

Special  flow  visualization  test  on  the  full  scale  aircraft  were  executed  to  study  NLF 
development  and  transition  mode  on  the  lifting  surfaces,  the  engine  nacelles  and  the 
fuselage  nose. 

NLF  visualization  was  performed  utilizing  sublimating  chemical  paints. 

The  visualization  method  chosen  is  related  to  the  fact  that  higher  heat  exchange  inside 
the  turbulent  boundary  layer  enables  the  chemicals  to  sublimate  before  the  chemicals 
painted  on  laminar  flow  surfaces. 

Since  chemicals  colour  is  white,  the  aircraft  areas  to  be  checked  were  painted  in  black 
(see  fig.  15).  Chemicals  sublimating  in  the  turbulent  boundary  layer  area  was  detected  by 
the  fact  that  those  surfaces  progressively  became  black  loosing  the  paint  while  laminar 
flow  areas  appeared  white  coloured. 

Flight  test  technique  included  smooth  take-off  and  a  high  speed  direct  climb  up  to  the 
test  altitude  where  airspeed  stabilization  was  performed  for  almost  15-20  minutes 
depending  on  the  air  temperature  and  on  the  chemical  used. 

Camera  pictures  and  video  recordings  were  taken  from  a  chase  airplane  and  from  the  inside 
of  the  test  aircraft  too. 

Choosing  with  care  the  test  sequence  it  was  possible  to  take  significant  recordings  of 
more  than  only  one  point  in  the  same  flight. 

The  relatively  low  sublimation  speed  of  the  chemical  used  and  the  accomplishment  of  an 
opportune  descent  and  landing  have  allowed  to  recognize  the  transition  line  of  the  last 
stabilized  point  also  after  landing. 

In  order  to  choose  the  chemicals  to  be  used,  two  flights  were  performed  applying  diphenil 
on  the  right  wing  and  acenaphtene  on  the  left  one. 

Test  results  showed  that  for  the  typical  test  altitudes  and  airspeeds  acenaphtene 
behaviour  was  better  than  diphenil. 

After  the  tuning  of  the  chemical  type,  the  flight  test  program  covered  some  typical  cruise 
conditions  as  presented  in  the  table  No.  1. 

The  results  achieved  in  terms  of  extension  of  laminar  flow  on  the  surfaces  investigated 
are  reported  in  table  No.  2. 

It  must  be  pointed  out  that  NLF  extension  reported  have  been  measured  after  landing. 

It  is  significant  to  note  that  NLF  on  main  wing  reaches  the  60%  on  the  upper  and  lower 
surfaces  of  the  wing  tip,  while  on  the  inboard  it  decrease  down  to  about  40%  because  of 
the  less  favourable  airfoil  characteristic  and  a  higher  turbulence  level  due  to  the 
forward  wing  wake . 

An  on-ground  taken  picture  (fig.  16)  shows  the  flow  pattern  over  the  inboard  wing  obtained 
using  acenaphtene.  Small  protuberances,  such  as  insects  or  dust,  generated  vortexes  that 
caused  the  spikes  visible  in  the  picture. 

The  NLF  investigation  will  be  completed  to  cover  all  the  aircraft  flight  envelope. 
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7.5.2  Effects  of  contamination 

Effects  of  contamination  over  AVANTI's  NLF  airfoils  were  simulated  installing  a  minimum 
size  adhesive  tape  strip  (trip  strip),  0.12  in.  (3.12  mm)  wide  and  0.006  in.  (0.15  mm) 
thick,  at  the  10%  (m.a.c.)  of  the  mean  aerodynamic  chord  of  the  main  wing.  Small  size  trip 
strip  was  selected  in  order  to  reduce  the  effect  of  the  tape  itself  on  drag. 

Tests  were  repeated  installing  the  trip  strips  on  the  other  lifting  surfaces  (i.e.  forward 
wing,  vertical  and  horizontal  tail)  and  on  the  engine  nacelles  and  the  radome  too. 

Fig.  17  shows  a  comparison  between  AVANTI’s  speed  power  polars  with  the  wing  tripped  at 
10%  m.a.c.  of  upper  and  lower  surfaces  and  with  the  complete  aircraft  tripped  at  10% 
m.a.c.  of  every  lower  and  upper  lifting  surfaces,  while  the  fuselage  and  the  nacelles  were 
tripped  at  7.5  inches  (19  cm)  from  their  noses. 

Artificial  tripping  on  the  wing  only  caused  an  increase  of  3.6%  of  necessary  power  for 
level  flight,  while  tripping  the  complete  aircraft  the  necessary  power  showed  a  7% 
increase . 

No  significant  change  in  the  longitudinal  or  directional  stability  or  controllability  was 
detected  during  the  tests. 

For  final  certification  purposes,  tests  will  be  again  repeated  with  a  wider  and  thicker 
trip  strip  along  all  the  surfaces  leading  edge  in  order  to  simulate  the  worst 
contamination  conditions. 

7.5.3.  Airloads  survey 

Regardless  of  computer  analysis  and  wind  tunnel  testing,  F.A.A.  believed  that  the  P-180 
contains  sufficient  novel  features  in  terms  of  aerodynamic  design  and  construction  that 
flight  test  loads  verification  on  the  full  scale  aircraft  was  required. 

In  addition  to  concerns  about  load  distribution,  the  full  scale  airplane  was  believed  to 
respond  differently  than  predicted. 

For  those  reasons,  F.A.A.  formally  requested  Piaggio,  as  stated  in  Issue  Paper  C-2 ,  to 
conduct  in  flight  airloads  measurement  in  order  to  verify  the  correctness  of  the  data  used 
to  calculate  the  aircraft  loads. 

The  test  planning  included  a  great  amount  of  test  points  since  the  flight  conditions  to  be 
performed  were: 

-  level  flights  at  6000,  20000,  30000  ft,  clean  and  landing  configuration; 

-  climbs  and  descents  at  20000  ft,  clean  and  landing  configuration; 

-  sideslips  up  to  15  deg  of  skid; 

-  coordinated  turns  up  to  60°  of  bank. 

In  addition  to  the  tests  above  mentioned,  F.A.A.  requested  the  measurement  of  the  top  roll 
moment  on  the  aircraft  tail  by  strain  gauges. 

Initially  pressure  measurements  were  performed  on  both  port  and  starboard  lifting  surfaces 
to  check  airloads  simmetry. 

Later  on,  when  airloads  simmetry  was  verified,  only  port  side  was  instrumented. 

While  scanivalve  on  vertical  tail  and  pressure  transducers  on  forward  wing  gave  very  good 
results  in  every  flight  condition,  slightly  lower  quality  results  were  experienced  with 
the  horizontal  tail  pressure  transducer. 

In  order  to  obtain  pressure  measurements  of  good  quality,  horizontal  tail  was  so  fitted 
with  pressure  taps  connected  with  another  scanivalve,  leaving  in  site  the  pressure 
transducers  previously  installed. 

Example  of  the  pressure  readings  obtained  on  forward  wing  via  pressure  transducer  is  shown 
in  the  fig.  18a  for  a  typical  cruise  condition  (i.e.  20000  ft,  260  Kias). 

For  the  same  flight  condition,  horizontal  tail  scanivalve  data  are  presented  in  fig.  18b. 
Tests  regarding  the  determination  of  the  top-roll  moment  on  the  AVANTI’s  T-tail  are  now 
underway. 


7.6  FLAP 

7.6.1  Flap  system  schedule  tuning 

AVANTI’s  unconventional  flap  system  configuration  has  required  an  intensive  investigation 
to  determine  the  optimum  flap  schedule. 

Initial  behaviour  of  the  aircraft  was  found  unsatisfactory  since  an  inversion  of  stick 
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force  was  required  to  balance  the  pitching  moment  generated  during  an  UP  to  MID  flap 
maneuver. 

All  the  other  possible  flap  deflections  caused  no  problems  since  the  force  to  apply  to  the 
stick  was  without  uncomfortable  inversions. 

In  order  to  reduce  the  undesirable  effects  during  UP  to  MID  maneuver,  the  canard  flap 
schedule  time  offset  was  modified. 

Acting  directly  on  the  system  ECU,  the  FWF  deflection  was  anticipated  of  about  3  seconds 
in  order  to  reduce  the  initial  outboard  wing  flap  pitching  effect. 

Though  the  desired  effect  was  achieved  in  the  UP  to  MID  maneuver,  the  attempted  solution 
gave  as  secondary  result  an  increasing  of  the  stick  force  necessary  to  balance  the 
pitching  moment  variation  during  MID  to  DOWN  deflection  when  a  stronger  influence  is 
exercited  by  the  MWOF  and  MWIF. 

In  order  to  identify  the  best  deflection  schedule  the  test  crew  was  abled,  by  a  special 
manual  control,  to  choose  the  best  deflection  sequence  (fig.  19)  with  quite  negligible 
stick  force  application  or  pitching  moment  variation. 

Besides  reducing  FWF  deflection  angles  from  18°  down  to  13°  in  take  off  position  and  from 
38°  down  to  32°  in  landing,  the  positive  effect  of  the  flight  test  determined  schedule  is 
shown  in  fig.  20  where  it  is  possible  to  appreciate  the  lower  stick  force  employment  in 
the  UP  to  MID  critical  maneuver. 

The  flight  test  determined  extension/ retraction  law  was  then  fitted  on  both  the  prototypes 
and  will  be  fitted  on  the  production  aircrafts  too. 

7.6.2  Flap  system  failure  effects. 

Beyond  the  FAA/RAI  rules,  AVANTI's  flap  system  have  to  meet  two  additional  requirements: 
the  SC-7  Special  Condition  that  states  requirements  about  the  forward  and  main  wing  flap 
interconnection  and  the  C-6  Issue  Paper  that  requires  the  demonstration  of  the  aircraft 
capability  to  be  safely  landed  in  any  combination  of  synchronized  or  unsynchronized 
extreme  position  between  MWOF  and  FWF  using  special  flight  procedures. 

To  demonstrate  compliance  with  the  above  Special  Conditions,  the  prototype  No.  1  was 
equipped  with  a  flap  failure  simulation  box  consisting  in  four  switches  connected  to  the 
power  supply  of  each  flap  sub-system. 

Such  a  system  allowed  to  simulate  both  asymmetric  and  symmetric  flap  failure  in  any 
desired  instant  of  the  deployment/retraction  maneuver. 

Though  all  the  tests  have  been  not  completed  yet,  the  actual  test  results  show  that  all 
the  most  critical  failures  involving  flap  position  asymmetries  between  any  intermediate 
flap  position  are  controllable  and  trimmable  and  allow  a  safe  aircraft  landing  with  both 
forward  and  aft  center  of  gravity  position. 

Some  of  the  possible  failures  during  a  flap  maneuver  or  retraction  involving  extreme 
position  require  a  peak  stick  force  not  greater  than  77  lbs  (35  kg)  and  constant  stick 
force  not  greater  than  44  lbs  (20  kg)  allowing  the  pilot  to  reconfigure  the  aircraft  in 
the  last  symmetric  flap  position. 

In  any  event  hazardous  attitudes  are  not  reached  and  safe  landing  is  always  possible  for 
any  failure  simulated  without,  in  general,  adoption  of  particular  flight  procedures. 

Only  in  case  of  failure  during  extreme  deflection  it  is  necessary  reduce  the  flap 
asymmetry  and  accomplish  the  landing  with  an  higher  (from  5  to  25  kts)  than  normal 
approach  airspeed  depending  on  the  type  of  asymmetry. 


7.7  POWERPLANT 

Both  experimental  and  production  PT6A-66  engines  have  demonstrated  their  reliability  since 
the  beginning  of  the  program. 

Because  of  the  pusher  configuration  the  engines  have  been  installed  just  the  contrary  of 
the  usual  way.  So  the  pusher  installation  of  engine  required  some  tunings.  In  fact  4 
different  nacelles  were  tested  in  order  to  improve  the  engine  bay  cooling  flow.  The 
repositioning  of  oil  cooler  NACA  Inlet  and  the  reshaping  of  the  nacelle  rear  side  and  of 
the  exhaust  tubes  finally  allowed  to  reach  a  satisfactory  configuration. 

Since  this  engine  model  never  flew  before  at  altitude  higher  than  35000  ft  (10670  m) , 
Piaggio  experienced  oil  lubrif ication  system  disturbances  at  high  altitude. 

The  oil  troubles  were  solved  thanks  to  minor  modifications  co  the  engine  reargearbox  and 
to  the  oil  pipes  size. 
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The  airflow  behaviour  at  engine  inlet  was  extensively  checked  using  tufts  and  by  means  of 
pitot  probes  throughtout  the  aircraft  flight  envelope,  specially  during  slams  and  rhops 
transients.  In  all  the  flight  conditions  tested  the  engine  inlet  has  shown  to  be  able  to 
satisfy  the  engine  demand. 

Since  the  high  maximum  operative  Mach  and  airspeed  of  the  aircraft,  many  concerns  existed 
on  the  propeller  stress  levels. 

The  Hartzell  five  blades  propeller  that  was  initially  tested  when  the  flight  envelope  of 
the  aircraft  was  limited  to  210  kias  (390  Km/h),  showed  infact  stress  levels  very  near  the 
limits.  Thus  Hartzell  provided  AVANTI  with  new  reinforced  propellers. 

New  stress  survey  performed  up  to  305  kts  (565  Km/h)  have  indicated  that  the  new  model 
stress  was  well  under  the  limits  for  the  infinite  life  (fig.  21). 


8.  CONCLUDING  ’  EMARKS 

Currently  the  AVANTI  flight  test  program  is  proceeding  as  planned  and  no  further 
development  problem  has  been  identified. 

Though  unconventional  and  therefore  requiring  more  careful  flight  testing,  the  3LS  formula 
confirms  itself  as  an  aerodynamic  layout  capable  to  furnish  very  outstanding  performances 
coupled  with  exceptional  handling  qualities. 

That  is  the  reason  why  so  many  new  projects  of  general  aviation  aircrafts  are 
characterized  by  the  3  lifting  surface  layout. 

The  general  aviation  market,  so  severe  and  competitive,  will  give  the  answer  if  this 
layout  is  destined  to  a  successfull  destiny  or  has  to  remain  an  exciting  mind  exercise 
only . 


P-180-Z:  .  2  Lift  ing  surfaces 

.  Low  wing 

.  Pusher  props  mounted  on  pods 


Fig.  2  -  Layout  comparison  between  components  of  the  P.1BQ  family 


LEGEND 


Laminar  flow  front  wing 
Fixed  canard  (front  wing) 
Flaps 

Laminar  flow  wing 
5-blade  pusher  props 
Conventional  flaps 
Delta  fins 
Fowler  flaps 


Composites 


Aerodynamic  concepts  and  composite  structures 


FLIGHT  HOURS 
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Fig.  7  -  p.180  Development  and  certification  test  plan 


Fig.  8  -  P.180  program  flight  hours 


Fig.  9  -  P.180  Flight  test  activity 
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Fig.  13  -  P.180  Flutter  results  and  theoretical  data 


Vertical  tall 


P . 180 ' s  areas  of  NLF  Investigation 


-  Pressure  distribution  or  the  forward  wing  at  20000  ft 


Pressure  distribution  on  the  horizontal  tail  at  20000  ft 


ELEVATOR  STICK  FORCE  (Lbs) 


LAMD 


1 


TIMS  (sec) 


F'g.  19  -  Flap  schedule 


I 


Fig.  20  -  P.180  Stick  force  during  UP-MID  flap  maneuver 
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L'Airbus  A320,  produit  par  AIRBUS  INDUSTRIE,  est  le  premier  avion  commercial  a  commandes 
de  vo I  electriques  et  son  cockpit  rdvolut  ionnaire  est  egalement  le  plus  avance  du  monde . 
Malgr£  le  pas  technologique  considerable  que  represente  cet  avion,  la  certification  de  la 
premiere  version  A320-100  a  ete  obtenue  aprcs  douze  mois  d’essais  au  cours  desquels  mille 
quatre  cent  quatre  vingt  (1480)  heures  de  vol  ont  etd  effectives  sur  4  avions  de 
d^veloppement . 

Pour  arriver  a  ce  r£sultat  remarquable,  des  moyens  particuliers  ont  du  etre  mis  en  oeuvre  : 

-  tel£mesure  tres  puissante  pour  diminuer  les  temps  d'exploitat ion 

-  syst&me  embarque  permettant  de  modifier  en  vol  la  configuration  de  certains  calculatcurs 

-  moyens  permettant  de  verifier  que  l'avion  n'est  pas  sensible  aux  rayonnements 
electromagnet iques . 

II  n'est  pas  necessaire  de  parler  de  la  tel^mesure  qui  est  depuis  quelqucs  annees  un  woven 
d'essais  classique,  mais  il  faut  par  contre  insister  sur  les  moyens  particuliers  utilises 
pour  la  mise  au  point  et  la  certification  de  l'A320. 

SYSTEME  SPATIAL 


Le  systeme  de  commandes  de  vol  electriques  de  l'A520  (EFCS  :  Electrical  Flight  Control  Panel) 
est  organise  autour  de  trois  types  de  calculateurs  : 

-  Deux  ELAC  (Elevator  Aileron  Computer)  qui  assurent  : 

.  le  controle  des  ailerons 

.  le  controle  normal  de  la  gouverne  dc  profondeur  et  du  plan  horizontal  reglable. 

-  Trois  SEC  (Spoiler  Elevator  Computer)  qui  assurent  : 

.  le  controle  des  spoilers 

.  le  contrSlc  en  secours  de  la  gouverne  dc  profondeur  et  du  plan  horizontal  reglable. 

-  Deux  FAC  (Flight  Augmentation  Computer)  qui  assurent  le  controle  do  la  gouverne  de 
direct  ion . 


©  FUGHT  CONTROL  SYSTEM  GENERAL  ARCHITECTURE 


2D 


FAC  1 


2  Elevator  Aileron  Computers  3  Spoiler  Elevator  Computers  2  Flight  Augmentation  Computer 
.  GND-SPL _ ,  _ _ GND-SPl _ _ 


Afin  do  pouvolr  effoctuer  la  mi  sc  au  point  des  commandos  de  vol  dans  dcs  dclais  trcs 

courts,  1c  systeme  SPATIAL  a  etc  crce  et  permet  trois  fonctions  : 

1)  Emission  d*’  parametrcs  internes  aux  calculateurs  sur  bus,  Essais  en  vol,  permet rant 
l'analyse  du  fonct ionnement  en  cas  de  problemes. 

2)  Envoi  vers  different s  calculateurs  d'o**dres  de  changemcnt  de  configuration  (gains, 
valours  de  braquage,  ctc...l 

3)  Injection  de  sol  1  ic itat  ions  de  differentes  formes  dans  les  calculateurs  EFCS  et  AFGS 
(sinusoides,  rampes,  creneaux,  balayages). 


fluit  types  de  calculateurs  sont  abonnes  au  systeme  SPATIAL  : 


-  SEC  (3) 

Spoiler  Elevator  Computer 

-  BSCU 

Braking  System  Control  Unit 

-  FWC  (2) 

Flight  Warning  Computer 


FAC  ( 2 ) 

Flight  Augmentation  Computer 
FCDC  (2) 

Flight  Control  Pat  a  Concentrate  r 
FMGC  (2) 

Flight  Management  and  Guidance 


ELAC  (2) 

Elevator  Aileron  Computer 
DMC  f 31 

Display  Management  Computer 
Comput e r 


Les  configurations  sclectables  en  vol  sont  preprograinmees  dans  les  calculateurs  et 
verifices  systemat iquement  au  simulateur  avec  dcs  calculateurs  FFCS  identiques  a  ccux 
monte s  sur  l'avion. 

Naturcl lement ,  des  precautions  part icul ieres  ont  etc  prises  pour  minimiser  les  risques 
d'erreur  au  moment  des  changcments  de  configurations  par  l'ingcnieur  navigant  et  pour 
revenir  rapidement  a  1  'ctat  initial  dcs  calculateurs  en  cas  de  problemes. 

La  procedure  de  changement  de  configuration  des  calculateurs  cst  la  suivante  : 


-  selection  du  calculateur  a  modifier  au  moyen  d'un  clavier  avec  controlv  de  1 'operation 
par  visualisation  sur  ecran 

-  selection  du  numero  de  programme  cor respondant  h  la  configuration  demandec 

-  verification  de  la  configuration  sur  ecran 

-  validation  du  numero  de  programme  si  configuration  corrcete. 


A  cc  moment-la,  la  nouvcllc  configuration  cst  prete  a  ctre  intvoduite  dans  lc  calculateur 
pour  activcr  cellc-ci,  il  faut  encore  : 


-  enfoncer  le  bouton  poussoir  cor respondant  aux  calculateurs  conccrnes 

-  enfoncer  le  bouton  poussoir  general  d ' act  i  vat  ion . 

En  cas  de  problcme  de  control*?  dc  l’avion  apres  activation  de  la  configuration  J'cssais, 
l'ingcnieur  navigant  peut  couper  la  commando  generate  d ' act i vat  ion ,  ma i s  le  pilote  a 
cgalcmcnt  la  mdme  commando  a  sa  disposition  en  cas  d'urgcnce. 

Lorsque  le  programme  comportc  dcs  sol  1 ic i t at  ions  automat  iques  au  moyen  du  generateur  de 
signaux,  unt*  simple  action  sur  lc  mane  he  lateral  par  lc  pilote  suff  it  pour  dcsactiver  le 
generateur  et  interrompre  ainsi  les  sol  1  ic  i  tat  ions  ou  lc  balavagc  en  cours. 

EXEMP1.ES  IV  UTILISATION  DU  SPATIAL 


1)  Misc  au  point  EFCS  : 

a)  dans  la  configuration  initialc  des  acrofreins,  le  niveau  dc  buffeting,  jugc  trop 
important,  eta  it  du  a  I' influence  de  l ' ccoulomcnt  acrodynamique  sur  l 'empennage  de 
l’avion  lorsque  le  SPOILER  interne  etait  braque  : 

-  le  SPATIAL  a  permis  d'essayer  au  cours  d'un  memo  vol  differentes  comb ina i sons  do 
braquage  des  spoilers  pour  retenir  cello  dormant  le  me  i  lleur  coinpromis  performance 
faible  niveau  de  buffeting. 

b)  a  1 'atterr i ssage ,  ie^cssais  ont  montrd  quo  certains  pilotes  avaient  tendance  ;i  rml 
•  controler  la  phase  d'arrondi  a  cause  de  la  loi  normale  de  pilotage  en  facteur  dc 

charge,  mnl  adaptce  dans  ces  conditions. 

Unc  nouvcllc  loi  dc  stability  on  assiette  longi tudinalc  a  etc  rapidement  mise  au 
point  grate  au  SPATIAL  c;  introduitc  manuellcment  par  l'ingcnieur  navigant,  avant 
de  I'etre  automat iquement  a  50  ft  par  un  signal  rad io -a  1 1 imet re . 

2)  Identification  de  l'avion  : 

Jusqu'u  present,  les  sol  1 ic itat ions  sur  les  commandos  dc  vol  ncccssairos  a 
1 ' i dent i f i cat  ion  des  divers  coefficients  aerodynami ques  dc  l'avion  sur  scs  trois  i31 
axes  etaient  effectuee?  manuellcment  par  lc  pilote,  cc  qui  conduisait  a  line  ccrtaine 
imperfection  sur  la  qualite  des  entrees  (creneaux,  rampes,  etc...)  et  sur  leur 
repot  it ivi te  . 

Par  le  SPATIAL  ct  son  generateur  de  signaux,  les  sol  1 ic i tat  ions  sent  effcctuccs 
automat iquement ,  cc  qui  garantit  un  me i lleur  acres  aux  fonctions  de  transfert  des 
reponses  de  l'avion  aux  signaux  d'entree. 


4*3 


3)  Reponse  structurale 


a)  les  Xois  de  commandes  de  vol 
charges  de  la  voilure  en  cas 


spoilers  4  et  S  (LAF  :  Load  Alleviation  Function). 


l'A320  assurent  une  fonction  de  diminution  des 
rafale  par  braquage  vers  le  haut  des  ailerons  et 


des 


Pour  analyser  la  reponse  de  l'avion  lors  du  braquage  de  ces  surfaces  et  optimiser  le 
fcnct ionnement  du  systfeme,  des  signaux  d'entree  avec  differents  gains  ont  envoy^s 
par  le  SPATIAL. 


b)  Le  generateur  de  signaux  du  systeme  SPATIAL  permet  egalement  d'effectuer  des  braquages 
de  gouverne  d'une  mani&re  sinusoldale,  avec  balayage  en  frequence,  pour  les  essais 
d'excitation  forcee. 

Pour  effectuer  les  essais  d'excitation  forcee  en  dehors  du  domaine  op£rationnel  VMO/MMO 
le  SPATIAL  a  ete  utilise  egalement  pour  inhiber  la  protection  grande  vitesse  qui 
existe  sur  A320. 


4)  Certification  des  performances 

Sur  un  avion  convent ionnel ,  un  certain  nombre  de  vitesses  operat ionnelles  ne  doivent  pas 
§tre  infdrieures  a  une  vitesse  minimale  qui  est  d6finie  par  un  facteur  les  associant  a 
la  vitesse  de  decrochage  VSMjN  (par  exemple,  V2  =  1.2  VS,  VREF  =  1.3  VS,  etc...) 

L'avion  A320,  gr§ce  aux  commandos  de  vol  electriques,  a  une  protection  d' incidence  qui 
1'empeche  de  pouvoir  aller  jusqu'au  ddcrochage. 

Si  les  vitesses  opdrat ionnelles ,  avaient  ete  assocriees  a  la  VMj^  demontree  en  vol  avec 
la  protection  d' incidence,  l'A320  aurait  ete  de  ce  fait  penal.is£  par  rapport  aux  avions 
convent ionnels . 

II  a  done  Ste  admis  par  les  Autorites  de  Certification  Europeennes  et  Americaines  que 
la  limite  de  la  protection  d' incidence  pouvait  etre  decalee  vers  le  haut  pour  pouvoir 
demontrer  la  vitesse  minimale  Vslg  qui  sert  de  reference  pour  les  vitesses  qui  lui  sont 
associees. 

Ce  decalage  est  introduit  en  vol  d'une  maniere  trbs  rapide  au  moyen  du  SPATIAL  avant 
d'effectuer  les  essais. 


5) 


Introduction  d' informat  ions  necessaircs  aux  lois  de 


pilotage 


Les  Lois  de  pilotage  utilisent  des  gains  qui  sont  fonction  du 
automat iquement  par  le  FAC. 

Au  cours  de  la  phase  de  la  mise  au  point,  les  calculs  n'etant 
valeurs  de  centrage  £taient  introduites  dans  les  calculateurs 


centragc  qui  est  calculd 

pas  encore  optimises,  les 
au  moyen  du  SPATIAL. 


PROTECTION  CONTRE  LES  RAYONNEMENTS  ELECTROMAGNET  I QUES 


Tous  les  avions  sont  exposes  5  la  foudre  et  aux  rayonnements  e lect romagnet iques  en  general. 
Les  commandes  electriques  ont  etc  introduites  progrossivement  sur  les  avions  AIRBUS  avant 
d'arriver  a  l'A320  et  des  precautions  important'"  •.  ont  ete  prises  depuis  le  debut'au  niveau 
de  la  definition  et  de  1 '  instal lat  ion  de  ces  commandes  pour  qu'elles  soient  immunisees 
contre  les  rayonnements  electromagnet iques . 

Des  essais  part icul ierement  severes  ont  ete  effectues  sur  l'A320  pour  verifier  cette  immunity 
Trois  types  principaux  de  rayonnements  elect romagnet iques  sont  identifies  : 

-  transitoires  electriques  ou  elect rostat iques ,  comprenant  la  foudre  en  particulier. 

-  champs  electriques  et  magnetiques  de  la  generation  electrique  de  bord  (400  hz). 

-  frequences  rad io-e Lectr iques ,  comprenant  emission  radar,  radio-diffusion  et  television, 
entre  autres. 

En  plus  de  1 ' appl icat ion  du  reglement  europeen  JAR  on  matiere  de  protection,  AIRBUS  INDUSTRIE 
a  demontre  que  l'avion  pouvait  resistor  aux  agressions  les  plus  severes  considcrees  par  le 
Dcpartemcnt  de  la  Defense  des  Etats-Unis  qui  a  etc  ccnsulte  par  la  TAA  (EnAC-Decembre  87), 
bien  qu'il  ait  etc  trouve  discutablc  d'appliquer  des  conditions  d’essais  plus  severes  parfois 
que  cclles  du  NATO  pour  un  avion  civil. 

Trois  types  d'essais  ont  ete  effectucs  : 
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Les  raesures  sont  effectives  h  un  niveau  inf«?rieur  £  celui  des  conditions  r<?elles  dc  la 
foudre  puis  extrapol^es  aux  conditions  les  plus  s£v£res  estimees. 

La  baie  de  mesure  est  isolde  <51ectr  iquement  de  l'avion  et  regoit  ses  informations  par 
fibres  optiques. 


%A320  _ -EM  COMPATIBILITY 

-Test  Installations. 


L'avion  est  egalement  expose,  dans  un  centre  d'essais  de  la  Marine  Nationale,  aux 
champs  de  radars  et  d'gmissions  radio-electr iqucs  HF  d'un  niveau  tres  eleve. 


SA320 _  -EM  COMPATIBILITY 
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3)  Essais  en  vol  : 


Quinze  canaux  d'enregistrement  sont  reserves  a  la  mesure  du  champ  magnetique  en  six  (6) 
points  de  l'avion  et  de  neuf  (9)  parametres  electriques.  Ils  sont  analyses  chaque  fois 
que  l'avion  est  foudroye  pendant  les  essais  en  vol,  ce  qui  arrive  frequemment  en 
particulier  au  cours  de  la  recherche  de  givrage. 


A. 3 20  ~  LIGHTNING  INDUCED  TRANSIENT  MEASUREMENTS 
DIAGNOSTIC  WIRES  INSTALLATION  (TYPICAL) 


CONCLUSION 

L'^volution  de  la  technologie  associee  h  des  delais  de  certification  qui  doivent  etre  de 
plus  en  plus  courts  pour  minimiser  les  coGts  de  d6veloppement ,  obligent  les  Bureaux 
d'Etude  et  les  Services  d'Essais  en  Vol  S  faire  preuve  d ' imaginat ion  pour  pouvoir  faire 
dans  ces  delais  les  essais  necessaires  pour  garantir  la  securite  a  la  mise  en  service  des 
avions . 

Le  systfeme  SPATIAL  a  parf aitement  rempli  son  r61e  qui  sera  encore  etendu  pour  les 
programme  A330/A340. 

Sur  les  avions  futurs,  la  protection  contre  les  rayonncments  e lectromagnet iques  restera 
une  preoccupation  legitime  et  les  Autorites  de  Certification  doivent  definir  des  critfcres 
clairs  et  realistes,  sans  perdre  de  vue  les  methodes  de  demonstration  qui  doivent  etre 
eprouvdes  pour  eviter  des  improvisations  tardives  au  cours  des  programmes  d'essais. 
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THE  EXPERIMENTAL  AIRCRAFT  FLIGHT  TEST  PROGRAMME 
by 

R.A,  Hartley 
British  Aerospace  PLC 
Military  Aircraft  Division 
Warton  Aerodrome 
Preston  PR4  1AX 
United  Kingdom 


SUMMARY 

The  Experimental  Aircraft  Programme  has  grown  out  of  the  studies  carried  out  over  the  last  decade 
to  Investigate  the  needs  for  the  next  generation  of  fighter. 

These  studies  resulted  in  the  definition  of  a  large  number  of  new  technologies  for  which  it  was 
recognised  that  there  would  be  significant  benefits  to  be  gained  by  their  integration  into  a 
demonstrator  aircraft. 

This  paper  describes  the  objectives  and  progress  of  the  flying  programme  for  this  demonstrator  and 
how  it  has  lead  on  to  the  European  Fighter  Aircraft. 


1. 


INTRODUCTION 


In  the  late  nineteen  seventies,  British  Aerospace  in  common  with  many  other  Military  aircraft 
companies,  was  analysing  and  assessing  the  fighter  aircraft  needs  for  the  Air  Forces  in  the  nineties  and 
the*  next  century.  From  this  it  was  determined  that  a  major  requirement  would  be  for  a  highly 
manoeuvrable  aircraft  for  close  and  medium  range  air  combat,  and  with  a  secondary,  but  effective, 
capability  for  air  to  surface  battlefield  support. 

This  would  entail  a  lightweight  single  crew  aircraft  capable  of  carrying  a  wide  variety  of  stores 
and  twin  engined  to  give  a  high  level  of  survivability. 

To  produce  this  within  an  acceptable  cost  would  require  the  extensive  use  of  new  technologies, 
many  of  which  were  still  in  the  concept  or  early  stages  of  development. 

For  example: 

o  The  manoeuvrability  requirements  would  need  an  unstable  aircraft  controlled  by  a  digital  fly  by- 
wire  system 

o  To  keep  the  weight  and  size  of  the  aircraft  to  a  minimum  and  ensure  as  small  as  possible  a  target 
for  detection  and  acquisition  by  enemy  weapons;  the  extensive  use  of  new  materials  and  advanced 
structural  design  concepts  would  be  required. 

o  For  the  weapon  system  to  be  capable  of  management  by  a  single  crew  would  need  extensive 
automation,  requiring  an  interactive  network  of  computers,  controlling  the  aircraft  systems, 
sensors  and  weapons.  These  would  provide  the  pilot  with  only  essential  information,  via 
multifunctional  controls  and  displays  and  thus  relieve  him  of  all  but  the  essential  tasks. 

It  was  also  declared  UK  government  policy  that  as  far  as  possible  all  future  major  military 
projects  should  be  in  collaboration  with  other  European  partners.  As  there  was  already  a  highly 
successful  collaboration  in  progress  on  the  Tornado  it  was  a  natural  tendency  for  these  partners  which 
included  BAe,  to  consult  on  this  requirement.  This  rapidly  evolved  into  combined  studies  to  define  an 
aircraft  to  meet  a  perceived  common  European  requirement. 

In  1982  the  Agile  Combat  Aircraft  (ACA)  was  announced  as  a  collaborative  design  programme 
involving  AIT,  BAe  and  MBB.  At  the  time  the  Governments  and  MOD's  in  Europe  were  still  defining  their 
requirements  for  the  aircraft  of  the  1990 's,  therefore  this  programme  was  in  the  main  privately  funded 
by  the  companies  involved.  It  was  however  foreseen  that  to  establish  a  good  base  for  the  development  of 
any  future  aircraft  it  would  be  necessary  to  build  a  demonstrator,  to  pull  together  all  of  the  advance 
technology  areas  which  have  been  referred  to  and  thereby  shorten  any  prototype  development  phase. 
However,  the  manufacture  of  such  an  aircraft  was  considered  to  be  beyond  the  private  resources  of  the 
Companies  without  Government  assistance. 

2.  THE  EXPERIMENTAL  AIRCRAFT  PROGRAMME 

In  June  1983  a  partnership  contract  was  signed  between  BAe  and  the  UK  Government  to  build  a 
Demonstrator  aircraft  to  pull  together  and  investigate  as  a  whole  the  technologies  required  for  a  future 
agile  fighter. 

This  recognised  that  AIT  and  MBB  plus  a  number  of  European  equipment  manufacturers  were  also 
partners  in  the  project.  Also  it  was  intended  that  a  second  demonstrator  should  be  built  by  MBB  but 
funded  in  Germany.  In  the  event  the  funding  for  the  second  demonstrator  could  not  be  made  available  and 
this  Jed  to  the  withdrawal  of  MBB  from  the  project  at  the  end  of  1983. 

This  partnership,  called  the  Experimental  Aircraft  Programme  was  essentially  to  design  and 
manufacture  an  aircraft,  and  within  that  it  would  integrate  the  required  advanced  technologies  and 
developed  them  into  a  viable  complete  concept.  However,  it  also  recognised  that  to  follow,  it  would  be 
necessary  to  assess  and  prove  the  viability  of  these  in  flight.  Therefore  a  number  of  objectives  were 
defined  for  a  flight  assessment  programme. 

o  A  progressive  increase  and  clearance  of  the  flight  envelope  during  which  the  air  vehicle  would  be 
assessed  to  establish  confidence  in  the  overall  design  including  the  use  of  new  materials. 

o  Assessment  of  the  advanced  aerodynamics  by  a  progressive  increase  In  the  manoeuvring  envelope  to 
identify  the  high  incidence  characteristics  and  demonstrate  the  agile  handling  qualities 
including:- 

High  angle  of  attack  including  the  determination  of  engine  intake  behaviour  and  its  effect  on 
engine  performance. 

Use  of  a  departure  prevention  system. 

The  effectiveness  of  a  control  system  design  for  non  linear  interference  between  a  canard  and 
wing. 

o  Measurement  of  performance  during  transonic  acceleration,  supersonic  i light  and  on  the  airfield, 
particularly  during  landing;  and  the  confirmation  of  the  design  for  low  drag  weapon  carriage. 

o  Determination  of  the  low  level  ride  qualities. 

o  Demonstration  of  active  control  technology  by  optimisation  of  the  FCS  during  the  above  aerodynamic 
assessments . 

o  Demonstration  of  the  use  of  digital  control  techniques  by  the  safe  and  satisfactory  operation  of 
the  aircraft  systems  and  avionics  controlled  by  1553  data  busses. 
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o  Demonstration  of  a  modern  electronic  cockpit  design  using  multifunction  controls  and  displays  with 

a  wide  angled  head  up  display  and  the  use  of  voice  to  provide  the  pilot  with  information  and 

warnings . 

o  Demonstration  of  stealth  design  techniques  for  low  Radar  and  Infra  Red  signatures, 
o  Demonstration  of  integrated  digital  engine  control. 

3.  AIRCRAFT  DESCRIPTION 

The  aircraft  designed  and  built  to  meet  these  objectives  was  advanced  both  in  its  structure  and 
equipment  (Fig.l). 

The  airframe  is  an  inherently  very  unstable  configuration  with  moving  foreplanes  (canards)  and  a 
cranked  delta  wing  with  full  span  trailing  edge  flaperons  and  extending  leading  edge  droop. 

Carbon  fibre  composites  are  widely  used  for  the  manufacture  of  the  forward  fuselage ,  foreplanes 
and  the  wings,  which  use  an  advanced  manufacturing  process  of  co-bonding  of  the  skin  to  the  Internal 
wing  structure. 

The  unstable  configuration  requires  a  flight  control  system  (FCS)  using  active  control  technology 
in  a  quadruplex,  full  authority  computer  control  system  without  mechanical  back  up  (Ref.l).  In  its 
primary  mode  it  is  designed  to  provide  full  "carefree"  handling.  This  system  has  been  developed  from 
the  experienced  learned  during  the  Jaguar  Fly  By  Wire  programme  (Refs  2  &  3) . 

The  utilities  systems  e.g.  fuel,  hydraulics  etc,  of  the  aircraft  are  monitored  and  controlled  by  a 
microprocessor  based  utilities  systems  management  system  (USMS).  The  processors  and  other  system 
constituents  communicate  via  a  MIL-STD-1553B  data  bus.  Information  on  this  data  bus  also  Includes 
equipment /system  failure  codes  which  are  stored  in  a  single  unit  for  subsequent  access  by  the  groundcrev 
via  a  Maintenance  Data  Panel  (MDP). 

Avionic  equipment  e.g.  comms,  navigation  etc  also  communicate  between  each  other  and  the  cockpit 
displays  and  controls  via  a  separate  1553B  data  bus.  All  the  data  buses  are  Interfaced  with  one  another 
to  exchange  information  as  required  (see  Fig. 2)  and  pass  it  to  the  pilot. 

The  cockpit  is  ergonomically  arranged  with  three  multifunction  displays  (MFD)  and  controls 
arranged  on  a  main  flying  panel  (see  Fig. 3).  Each  MFD  can  present  in  full  colour  selected  displays  of 
flight  information  e.g.  attitude,  position  etc,  or  systems  status  information.  Two  typical  displays  are 
shown  in  Figs.  4  &  5. 

Surrounding  each  display  are  24  keys  which  are  mixed  with  a  few  "hard"  i.e.  fixed  function  keys 
and  the  remainder  as  "soft"  keys  having  a  multifunction  capability  depending  on,  and  Identified  by,  the 
display  selected.  Above  is  a  wide  angled  head-up  display  (HUD)  and  below  and  around  are  "get  you  home" 
(GUH)  Instruments  with  essential  information  in  the  event  of  a  failure  associated  with  the  main  avionics 
data  bus.  Built  in  the  left  hand  glare  shield  Is  a  manual  data  entry  facility,  with  selection  and 
moding  keys  for  the  control  of  communications  and  navigation  inputs.  The  right  hand  glare  shield 
Incorporates  associated  indicators. 

Above  the  glare  shield  are  temporary  fit  flight  test  instruments  providing  the  normal  indications 
and  controls  associated  with  a  high  Incidence  handling  programme.  The  side  consoles  also  are  a  mixture 
of  switches  and  controls  associated  with  Flight  Test  instrumentation  and  facilities  and  the  back  up 
functions  required  by  the  aircraft  as  a  new  technology  demonstrator.  However,  the  control  stick  and 
throttle  is  designed  on  the  principle  of  HOTAS  (Hands-On-Throttle-And-Stick)  concept  with  a  multiplicity 
of  switches  for  all  essential  in-flight  functions. 

The  concept  of  the  demonstrator  programme  entailed  the  use  of  an  existing  high  performance  engine. 
For  this  the  RBI99  -  Mk.l04D  was  selected.  This  is  in  use  in  the  Tornado  ADV  and  the  only  major 
modification  required,  was  the  removal  of  the  thrust  reverser  system.  The  engine  is  digitally  (DECII) 
controlled  and  this  was  directly  interfaced  with  the  aircraft  USMS  data  bus.  To  provide  high  quality 
(low  distortion)  air  flow  to  t^e  engine  at  high  angles  of  attack,  two  chin  mounted  Intakes  are  provided. 
These  have  a  fixed  throat  but  with  a  variable  lower  lip,  controlled  by  the  FCS,  for  high  incidence  and 
supersonic  flight. 

4.  THE  EAP  DEMONSTRATOR  FLIGHT  TEST  PROGRAMME 


To  make  an  overall  assessment  of  this  aircraft  and  the  previously  defined  objectives.  Including 
the  development  of  "carefree"  handling  and  expansion  of  the  envelope  to  supersonic  speeds,  a  programme 
of  approximately  200  flights  over  a  period  of  two  years  was  proposed  fFig.6).  That  meant  we  had  to 
achieve  an  overall  flying  rate  of  in  excess  of  8  flights  per  month. 

To  achieve  that  it  was  recognised  that  a  highly  serviceable  aircraft  and  the  minimum  of  lay-ups 
for  modifications  including  software  updates,  would  be  required.  In  the  event  a  number  of  software 
updates  e.g.  FCS  Carefree  Handling  software  were  identified  before  first  flight.  These  were  planned  so 
as  to  be  available  with  the  minimum  of  disruption  to  the  flying  programme  by  extensive  rig  assessment 
and  the  minimum  of  on-aircraft  tests. 

The  data  handling  and  analysis  would  also  have  to  keep  up  to  avoid  the  risk  of  abortive  or 
wasteful  flying.  For  this  the  already  existing  Warton  Flight  Test  facilities  of  telemetry,  which  was  to 
be  used  on  all  programmed  flights  from  Warton,  and  data  reduction  were  considered  adequate  but  with  the 
extension  and  development  of  real  time  computer  links  for  flight  mechanics  and  loads  analysis.  The  aim 
was  for  the  objective  of  the  flight  to  be  cleared  by  basic  analysis  before  the  pilot  debrief.  In  the 
main  this  was  achieved  (in  many  cases  before  the  pilot  had  left  the  cockpit). 
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For  this  it  was  essential  for  the  aircraft  to  have  a  complete  instrumentation  system.  This 
consists  of  a  PCM  processing  unit  handling  data  from  the  three  aircraft  data  busses,  the  FCS,  Avionics 
and  Utilities  (USMS)  plus  direct  FTI  sourced  parameters.  On  average  approximately  600  parameters  are 
recorded  each  flight  with  a  typical  mix  as  follows: 


FTI  sourced 

200 

FCS  " 

125 

USMS 

175 

Avionic  " 

100 

at  sampling  rates  between  1  and  64  samples  per  sec.  Additionally  up  to  80  FM/FM  multiplexed  channels 
are  available  In  4  selectable  groups  of  20. 

All  of  the  above  are  recorded  on-board  and  telemetered  to  the  Flight  Test  ground  station. 

Up  Co  10  high  frequency  channels  are  also  available  for  on-board  recording  in  addition  to  the 
above. 

5.  INITIAL  ASSESSMENT 


The  basic  demonstrator  design  manufacturing  programme  was  achieved  in  just  under  three  years  and 
the  aircraft  rolled  out  at  a  ceremony  at  Warton  on  16th  April  1986. 

Following  that  the  normal  pre-flight  activities  of  systems  checkout,  engine  runs  and  taxy  trials 
took  place  leading  up  to  a  first  flight  on  8th  August  1986. 

This  occasion  marked  the  end  of  the  contract  between  BAe  and  the  UK  government.  The  programme  new 
conti  iing  as  a  collaborative  Industry  programme  between  BAe,  ATT  and  the  European  equipment 
manufacturers. 

The  first  flight  by  Dave  Eagles  (Executive  Director  of  Flight  Operations)  demonstrated  the 
achievement  of  a  successful  design  and  the  meeting  of  the  manufacturing  objectives,  by  carrying  out  a 
detailed  handling  assessment  as  well  as  the  normaL  shakedown  functions  concerning  engines  systems  etc. 
Mach  1,1  was  achieved  with  a  defect  free  landing  after  a  flight  duration  of  67  mins. 

This  was  the  start  of  an  intensive  flight  test  programme  to  expand  the  aircrafts  manoeuvring 
envelope.  Due  to  the  need  for  having  an  accurate  confirmation  of  the  FCS  air  data  tor  incidence  ard 
sideslip  before  the  fully  scheduled  control  system  could  be  invoked;  the  first  period  of  flying  had  to 
take  place  with  the  system  in  the  reversionary  mode.  The  first  task  was  to  measure  the  air  data  ar.d  to 
confirm  the  basic  handling  and  manoeuvring  envelope  as  well  as  the  capability  of  the  engines,  systems 
and  avionics.  This  was  also  coupled  with  flying  the  aircraft  at  a  precautionary  mid,  but  still  unstable 
c  of  g  of  34.6%  s .m.c . 

The  handling  envelope  was  then  expanded,  to  provide  a  rolling  clearance  between  0  and  3g  and 
assess  the  variety  of  manoeuvres  required  in  air  combat  or  for  demonstration  purposes.  This  was 
achieved  in  20  flights  and  over  a  period  of  as  many  days.  In  the  same  time  the  flight  envelope  was 
expanded  to  Mach  1.33/450kts  and  surge  free  engine  handling  confirmed  up  to  35000ft  Uig.7). 

This  provided  more  than  adequate  confidence  for  a  participation  and  an  extensive  demonstration  of 
the  aircraft  at  the  Sept '86  SBAC  Show  at  Farnborough.  The  show,  flown  by  Chris  Yeo  (Chief  Test  Pilot) 
was  completed  without  problem  with  the  e-»rCraft  performing  on  each  of  the  designated  days  and  showing 
it  s  •«x'-»pcxo».  ‘  :ianu'  ..g  .j*  .  <*1_  uemonstrated  the  very  high  standard  of  serviceability 
possessed  by  the  aircraft  from  it's  first  flight  and  which  continues  up  to  today.  On  returning  from 
Farnborough  a  total  of  38  flights  had  been  completed  in  the  35  days  from  first  r light. 

The  handling  envelope  expansion  was  then  continued  together  with  commissioning  and  clearance  of  an 
Emergency  Power  System  and  engine  assessment  at  high  altitude,  to  provide  the  information  and  envelope 
clearance  for  the  start  of  a  full  high  incidence  programme  to  clear"Caref ree"  handling  with  the  full  FCS 
(see  Fig. 8).  Over  the  same  period  an  initial  measurement  of  aircraft  performance  was  completed  together 
with  a  qualitative  appraisal  of  the  low  level  ride  qualities.  The  latter  was  completed  by  flving  down 
to  300ft  on  local  low  flying  routes  over  mountainous  terrain.  The  ride  qualities  were  considered  to  be 
"surprisingly  good"  considering  the  low  wing  loading  of  the  uelta  configuration  and  the  fact  that  we  had 
no  deliberate  ride  control  features  yet  installed  in  the  FCS. 

By  now  a  total  of  seven  test  pilots  had  flown  the  aircraft,  5  from  BAe  and  2  from  AIT  and  all  had 
found  the  introduction  a  very  easy  and  pleasant  experience. 

In  November  1986,  3  months  after  first  flight  the  aircraft  was  laid-up  for  a  work  programme  to 
prepare  for  a  high  Incidence  handling  assessment*  the  essential  prere  ;uisite  to  a  carefree  handling 
clearance  at  subsonic  airspeeds.  This  involved  the  fitting  of  a  spin  recovery  parachute  as  well  as  a 
FCS  software  update  and  moving  the  c.g  aft  to  Its  design  point  of  36.5%  sme . 

The  FCS  software  update  was  necessary  to  bring  the  full  system  into  operation  but  additionally  a 
precautionary  "spin  recovery"  mode  was  also  introduced  to  work  in  association  with  the  spin  recovery 
parachute.  This  mode  was  for  use  only  in  the  event  of  a  departure  from  controlled  flight.  It  permitted 
a  "direct"  stick  to  flying  controls  link  allowing  a  controlled  recovery  of  the  aircraft  in  conjunction 
with  the  spin  recovery  chute. 
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CAREFREE  HANDLING 


Following  this  preparation,  the  aircraft  flew  again  in  April  1987  to  assess  the  aircraft  at  high 
angles  of  attack  and  clear  carefree  handling.  This  was  achieved  in  a  period  of  one  month,  25  flights, 
including  the  precursors  of  assessing  the  spin  recovery  parachute  and  other  associated  system  testing. 
The  result  was  a  fully  carefree  handling  clearance  between  200kts  and  400kts/0.9M.  Below  200kts  the 
general  clearance  is  still  "carefree"  but  snatch  pulls,  in  particular  re  pulls,  should  be  avoided  to 
prevent  an  incidence  overswing. 

The  outstanding  tasks  associated  with  the  major  aspects  of  the  objectives  were  then  completed 
prior  to  the  aircrafts  attendance  at  the  Paris,  Le  Borget  Airshow  in  June.  During  this  show  the 
aircraft  achieved  its  100th  flight  birthday  and  continued  its  by  now  well  established  record  of  high 
reliability  and  demonstration  of  exceptional  manoeuvrability. 

On  return  from  Paris  the  major  part  of  the  objectives  for  this  phase  had  been  achieved.  This  was 
marked  by  an  invitation  to  the  UK  and  Italian  MOD  to  send  their  pilots  to  "evaluate"  the  aircrafts 
features  of  new  technology.  An  assessment  was  performed  by  three  pilots,  2  UK  and  1  Italian  over  4 
flights  in  a  period  of  eight  days,  which  included  all  ground  school,  briefing  and  the  actual  assessment 
flights. 

Following  this  the  aircraft  was  laid  up  again;  this  time  to  prepare  for  new  tasks  aligned  with 
assessment  directed  towards  the  design  of  the  European  Fighter  Aircraft  -  EFA. 

It  had  achieved  a  total  of  116  flights  and  79  flying  hours  in  a  period  of  11  months.  This 
represented  an  average  flying  rate  of  10.5  fits  per  month  overall,  but  18  flights  per  month  for  the 
flying  periods  between  major  lay-ups  (Fig. 9). 

A  total  of  10  test  pilots  had  flown  the  aircraft  made  up  of: 

Company  pilots  BAe  5 

AIT  2 

Official  pilots  UK  2 

Italy  I 

The  aircraft  had  completed  the  major  objectives  and  envelope  conceived  by  the  initial  proposal;  in 
about  half  the  time  planned,  ana  in  the  process  had  proven  the  following  features,  among  others,  for 

future  use:- 

o  There  were  no  major  problems  inhibiting  the  design  or  building  of  an  aircrafts  critical  structure 
i.e.  wing  foreplane  and  fuselage  using  Carbon  fibre  composite. 

o  The  combination  of  foreplane/delta  wing  aerodynamics  with  a  quadruplex  digital  FCS  was  completely 
successful  in  controlling  a  fully  unstable  aircraft  and  providing  excellent  performance  with  ideal 
handling  qualities. 

o  Carefree  handling  had  been  demonstrated  as  not  only  a  worthwhile  but  attainable  feature. 

o  The  use  of  microprocessors  connected  by  digital  data  busses  were  shown  to  be  viable  and  the 

indications  are  that  these  will  provide  a  much  higher  order  of  reliability  and  maintainability 
over  conventional  engineering  and  electrical  systems. 

o  The  cockpit  was  liked  by  all  the  pilots  who  flew  the  aircraft  and,  although  not  fully  developed, 
the  concepts  of  moding,  layout  and  control  have  been  accepted  for  the  next  generation  of  fighter 
aircraft. 

o  Although  a  basically  "off  the  shelf"  engine,  the  RB199-MkI04D  engine  intake  interface  showed  an 
excellent  combination  giving  carefree,  surge  free  handling  throughout  the  envelope. 

7.  FUTURE  PROGRAMME 


The  aircraft  is  still  engaged  on  technology  development  with  trials  progressing  to  further  expand 
its  envelope,  particularly  in  the  direction  of  full  carefree  handling  and  development  of  the  FCS  to 
expand  this  into  the  supersonic  areas.  It  is  however  now  committed  to  do  this  in  association  with  the 
European  Fighter  Aircraft  (EFA)  development  programme  and  many  of  its  trials  are  being  arranged  to 
provide  information  in  direct  support  to  EFA  development.  These  will  Include  trials  to  expand  the  use 
of  new  controls  and  systems  and  expand  the  capability  of  the  cockpit  by  further  automation  to  reduce 
pilot  workload  e.g.  use  of  Direct  Voice  Input.  It  will  also  be  used  to  develope  techniques  to  reduce 
mass  and/or  improve  confidence  in  the  assessment  of  prototype  aircraft  and  the  clearances  processes 
required  for  Release  to  Service. 

For  the  latter  the  flight  envelope  has  been  further  expanded  (Fig. 10)  and  the  aircraft  is  now  well 
forward  in  the  development  of  a  technique  for  full  scale  measurement  of  aerodynamic  loads  by  pressure 
plotting. 

A  number  of  surface  pressure  transducers  have  been  progressively  attached  to  the  left  wing,  the 
fin  and  major  areas  of  the  fuselage  (Fig. 11).  These  have  been  used  to  measure  the  pressure  distribution 
over  the  aircraft  in  steady  flight  and  during  specific  manoeuvres.  Comparisons  are  then  made  with  these 
and  the  measurements  from  wind  tunnel  results.  With  this  the  aerodynamic  load  prediction  methods  can  be 
refined  to  a  high  degree  of  accuracy  and  confidence ,  enabling  mass  savings  from  more  accurate  structural 
design  and  reduced  reserve  factors.  This  technique  Is  also  .o  be  fully  developed  as  a  clearance 
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technique  to  be  use  on  aircraft  e.g.  EFA  with  highly  complex  structural  load  paths,  where  strain  gauging 
would  be  extremely  difficult  and  costly,  if  not  impossible,  enabling  the  loads  to  be  validated  and  the 
aircraft  cleared  into  service. 

The  trial  commenced  by  introducing  only  a  limited  number  of  transducers  plus  the  associated 
surface  wiring  and  multiplexor  units,  to  check  their  accuracy  and  repeatability.  This  highlighted  a 
number  of  problems,  the  major  being  the  overall  reliability  of  the  transducers  when  being  used  in  a 
flight  trials  environment.  The  failure  rate  initially  experienced  was  completely  incompatible  with  the 
flying  rate  required,  and  of  course  attainable  by  EAP.  Concerted  efforts  by  our  Instrumentation 
department  and  the  manufacturers  isolated  the  problem  as  predominately  due  to  freezing  moisture  and 
improved  transducers  have  been  introduced.  A  further  difficulty  was  keeping  the  surface  wiring  stuck  to 
the  aircraft.  It  was  found  that  most  tape  adhesives  failed  at  approx.  -50°C  ceasing  to  hold  the  wires 
to  the  aircraft  surface.  A  comprehensive  review  of  commercially  available  tapes  and  adhesives  found  a 
silicon  based  adhesive  which  was  good  down  to  at  least  -60°C  and  this  is  now  being  used. 

As  can  be  seen  this  stage  of  the  next  phase  of  the  Demonstrator  programme  is  only  'n  its  infancy, 
with  around  30  flights  planned  to  perform  z  complete  loads  survey  over  the  full  EAP  flight  envelope 
using  nearly  400  transducers  attached  to  the  wing,  fin  and  fuselage. 

These  flights  will  be  integrated  with  other  aforementioned  tasks,  making  a  total  further  programme 
of  more  than  100  flights,  involving  a  major  update  of  the  PCS  and  a  number  of  major  avionic 
improvements.  These  will  take  EAP  into  the  1990*s  and  probably  overlap  with  the  first  flights  of  the 
EFA  prototype. 
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Principal  Features  of  the  EAP 
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Performance 


4  Full  Integrity 
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Allowing  Usable  high  Lift  at  Low  Speed 
for  Combat  and  Short  Field  Performance 


6  Compact  Configuration 
Low  Weight  -  Low  Cost 
Small  Radar  Signature 
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EAP  Cockpit  Layout 
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EAP  -  Flight  Envelope  After  12  Flights 
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EAP  -  Full  Flight  Loads  Survey 


Schematic  of  Pressure  Plotting  Instrumentation 


One  Side  of  Front  Fuselage  One  Side  of  Rear  Fuselage 
Pressure  Plotted  -  4  Stations  Pressure  Plotted  -  5  Stations 
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SUMMARY 

The  X-29A  advanced  technology  demonstrator  flight  envelope  expansion  program  and  the  subsequent 
flight  research  phase  gave  impetus  to  the  development  of  several  innovative  real-time  analysis  and  display 
techniques.  These  new  techniques  produced  significant  improvements  in  flight  test  productivity,  flight  re¬ 
search  capabilities,  and  flight  safety. 

These  techniques  include  real-time  measurement  and  display  of  in-flight  structural  loads,  dynamic  struc¬ 
tural  mode  frequency  and  damping,  flight  control  system  dynamic  stability  and  control  response,  aeropcr- 
formance  drag  polars.  and  aircraft  specific  excess  power.  Several  of  these  analysis  techniques  also  provided 
for  direct  comparisons  of  flight-measured  results  with  analytical  predictions.  The  acroperformance  tech¬ 
nique  was  made  possible  by  the  concurrent  development  of  a  new  simplified  in-flight  net  thrust  computation 
method.  To  achieve  these  levels  of  on-line  flight  test  analysis,  integration  of  ground  and  airborne  systems 
was  required.  The  capability  of  NASA  Ames  Research  Center,  Dryden  Flight  Research  Facility’s  Western 
Aeronautical  Test  Range  was  a  key  factor  to  enable  implementation  of  these  methods. 

NOMENCLATURE 


AR 

analog  reversion  (flight  control 
system  mode) 

BFF 

body-freedom  flutter 

eg- 

center  of  gravity 

C 

loads  calibration  coefficient 

CD 

coefficient  of  drag 

Cl 

coefficient  of  lift 

D 

aircraft  drag,  lb 

DR 

digital  reversion  (flight  control 
system  mode) 

FCS 

flight  control  system 

Fex 

excess  thrust,  lb 

F, 

gross  thrust,  lb 

Ftp 

net  propulsive  force,  lb 

FM 

frequency  modulation 

HPC 

high-pressure  compressor 

L 

aircraft  lift,  lb 

LPT 

low-pressure  turbine 

fix 

aircraft  longitudinal  acceleration,  g 

"if 

aircraft  lateral  acceleration,  g 

n. 

aircraft  normal  acceleration,  g 

ND 

normal  digital  (flight  control 
system  mode) 

P 

roll  rate,  deg/sec 

PCM 

pulse-code  modulation 

P. 

specific  excess  power,  ft/sec 

Pao 

freestream  static  pressure,  lb/in.2 

T 


h-2 


p«« 

afterburner  inlet  static  pressure,  lb/in  2 

Wt 

aircraft  gross  weight,  lb 

P»7 

exhaust  nozzle  inlet  static  pressure, 

a 

angle  of  attack,  deg 

lb/in.2 

0 

angle  of  sideslip,  deg 

PSL 

Propulsion  System  Laboratory 

sa 

differential  flaperon  deflection,  deg 

PTssb 

(NASA  Lewis) 

turbine  discharge  total  pressure,  lb/in.2 

Sc 

canard  deflection,  deg 

Q 

9 

pitch  rate,  deg/sec 
dynamic  pressure,  lb/ft2 

sf 

Spa 

Sr 

symmetric  flaperon  deflection,  deg 
pitch  stick  deflection,  in. 

rudder  deflection,  deg 

T 

RIG 

5 

SGTM 

yaw  rate,  deg/sec 

real-time  interactive  graphics  system 
reference  wing  area,  ft2 
simplified  gross  thrust  method 

Sa 

Sya 

4> 

strake  flap  deflection,  deg 

lateral  stick  deflection,  in. 

bank  angle,  deg 

SNTM 

V, 

WATR 

simplified  net  thrust  method 
true  airspeed,  fit/sec 

Western  Aeronautical  Test  Range 

M 

e 

loads  strain  gage  measurement 
pitch  attitude,  deg 

1.  INTRODUCTION 

Beginning  with  the  X-29A  maiden  flight  in  December  of  1984,  a  key  program  objective  has  been  to 
evaluate  several  integrated  advanced  technologies  for  future  mil'tary  applications.  The  X-29A  advanced 
technology  demonstrator  flight  envelope  expansion  program  and  the  subsequent  flight  research  phase  gave 
impetus  to  the  development  of  several  innovative  real-time  analysis  and  display  techniques.  Most  of  these 
developments  resulted  from  the  nature  of  the  unique  technologies  to  be  evaluated  and  critical  requirements 
for  safety-of-flight  assurance.  The  forward-swept  wing  design  and  the  concern  of  its  inherent  tendency 
toward  stnictural  wing  divergence  created  the  need  for  constant  in-flight  structural  loads  monitoring.  It  was 
especially  important  to  monitor  the  interaction  between  the  vehicle  bending  and  torsion  loads  against  load 
iimit  envelopes  for  critical  airframe  members.  In  order  to  monitor  critical  structural  modes,  the  dynamic 
characteristics  of  the  structure  were  determined  from  real-time  computation  of  the  frequency  and  damping  of 
five  critical  structural  modes  that  were  in  turn  graphically  compared  against  predictions  during  the  mission. 

The  large  subsonic  airframe  negative  static  margin  of  35  percent  required  high  levels  of  augmentation 
to  artificially  stabilize  the  aircraft.  The  performance  of  the  flight  control  system  thus  became  a  key  factor 
in  the  flight  envelope  expansion.  It  was  desirable  to  calculate  and  monitor  system  stability  margins  de¬ 
rived  from  open-loop  frequency  response  characteristics  in  real  time.  In  addition  to  monitoring  stability  in 
the  frequency  domain,  actual  aircraft  time  responses  were  compared  with  predicted  responses  from  linear 
aircraft  simulation  models  during  flight.  Although  not  safety-of-flight  critical,  real-time  aeropcrformancc 
analysis  in  terms  of  in-flight  net  thrust  and  aircraft  lift  and  drag  polars  would  allow  for  immediate  evalua¬ 
tion  of  aircraft  maneuver  technique  and  data  quality  to  insure  premium  postflight  data  results  and  minimum 
flight  repeats. 

Such  sophisticated  real-time  analyisis  and  display  required  careful  integration  of  the  aircraft  telemetry 
data  downlink  system  and  the  NASA  Western  Aeronautical  Test  Range  (WATR)  mission  control  facility. 

This  paper  describes  the  primary  features  and  analytical  methods  of  each  technique.  It  also  summarizes 
how  the  techniques  were  used  during  flight  to  enhance  flight  safety  and  inen  ase  flight  productivity.  A 
description  of  the  WATR  facility  is  given  along  with  a  discussion  of  the  flight  data  processing  flow.  Examples 
of  data  processed  and  the  flight  data  displays  are  shown. 
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2.  X-29A  AIRCRAFT  DESCRIPTION 

The  X-29A  is  an  advanced  technology  demonstrator  developed  by  the  Grumman  Aerospace  Corporation 
(Bethpage,  New  York)  in  partnership  with  the  Defense  Advanced  Research  Projects  Agency,  NASA,  and 
the  Air  Force.  This  small,  single-seat  fighter-type  aircraft’s  (fig.  1)  technologies  include  the  30°  forward- 
swept  wing  that  includes  a  thin,  supercritical  airfoil  section  with  graphite-epoxy  upper  and  lower  wing 
skins  configured  to  inhibit  wing  structural  divergence.  Other  technologies  are  the  close-coupled  canard¬ 
wing  configuration,  a  three-surface  pitch  control  system,  an  automatic  wing  camber  control  mode,  a  large 
negative  static  margin,  and  a  triplex  digital  fly-by-wire  flight  control  system. 

The  aircraft  is  powered  by  a  single  General  Electric  (Lynn,  Massachusetts)  F404-GE-400  afterburning 
turbofan  engine.  The  engine  thrust  rating  is  16,000  lb  of  static  thrust  at  sea  level.  Further  details  of  the 
X-29A  configuration  and  the  technology  benefits  can  be  found  in  reference  1. 

3.  AIRCRAFT  DATA  ACQUISITION  SYSTEM 

All  pulse-code  modulation  (PCM)  data  was  encrypted  and  telemetered  to  the  ground  as  a  single  uncali¬ 
brated  serial  PCM  stream  along  with  some  high-response  frequency  modulation  (FM)  data.  The  instrumen¬ 
tation  system  schematic  can  be  seen  in  figure  2.  The  10-bit  PCM  system  sampled  data  25  to  400  samples/sec, 
depending  on  the  data  frequency  content  desired  by  the  various  engineering  disciplines.  Including  the  FM 
system,  a  total  of  691  aircraft  parameters  were  measured.  The  data  parameter  set  included  measurements  for 
structural  loads  and  dynamics,  flight  controls,  aircraft  subsystems,  stability  and  control,  propulsion,  aerop- 
erformance,  aerodynamic  buffet,  wing  deflections,  and  external  pressure  distributions. 

A  pitot-static  noseboom  system  provided  air  data  information  and  angles  of  attack  and  sideslip  from 
boom-mounted  vanes.  A  set  of  body-mounted  accelerometers  provided  measurement  of  aircraft  c.g.  accel¬ 
erations.  The  aircraft  had  an  extensive  array  of  control  surface  position  sensors  and  flight  control  system 
(FCS)  performance  parameters.  The  airframe  was  also  heavily  instrumented  with  strain  gages  and  high- 
response  structural  dynamic  accelerometers. 

The  thrust-calibrated  engine  was  fully  instrumented  for  real-time  thrust  calculation  as  well  as  postflight 
analysis  using  the  traditional  gas  generator  thrust  calculation  method.  The  unique  real-time  thrust  measure¬ 
ment  instrumentation  consisted  simply  of  eight  static  pressure  measurements  in  the  afterburner  section  along 
with  a  20-probe  measurement  rake  of  the  turbine  exhaust  total  pressure.  A  schematic  of  just  the  real-time 
engine  measurements  is  shown  in  figure  3. 

4.  TEST  RANGE  AND  REAL-TIME  SYSTEM 

The  NASA  Ames  Research  Center,  Dryden  Flight  Research  Facility's  Western  Aeronautical  Test  Range, 
or  WATR,  is  a  large,  highly  integrated  facility  that  provides  aircraft  and  telemetry  tracking;  communications 
svstems;  a  real-time  data  acquisition,  processing,  and  display  system;  and  a  mission  control  center. 

Current  capabilities  of  the  WATR  include  reception  of  up  to  two  simultaneous  downlink  data  streams 
from  each  research  aircraft  at  a  maximum  rate  of  1  Mbit/sec/stream.  The  data  stream  is  decrypted,  time 
tagged,  compressed,  converted  to  engineering  units,  limit  checked,  and  stored  in  real  time  at  a  maximum 
rate  of  200,000  words/sec/data  stream.  This  storage  area  can  hold  4096  calibrated  parameters  plus  3200 
computed  parameters  for  recording,  further  processing,  or  display. 

There  are  three  dedicated  real-time  minicomputers  for  on-line  data  processing  and  control  of  display 
apparatus.  Two  of  these  computers  are  Gould  32/6780  (Gould  Electronics,  Inc.,  Cleveland,  Ohio)  machines 
and  one  is  a  Gould  32/9780  system. 

Data  display  capabilities  in  each  of  two  identical  mission  control  rooms  include  eighteen  8-channel 
strip  charts,  numerous  cathode  ray  tube  digital  data  displays  of  either  the  fixed  update  or  continuous  scroll 
type,  color  graphics  displays,  and  conventional  analog  meters  and  discrete  lights.  A  terminal,  located  in 
the  mission  control  center,  controls  the  selection  of  several  different  engineering  color  graphics  displays 
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including  aeroperformance,  flight  controls  and  stability  and  control,  and  structural  dynamics  and  loads.  A 
photograph  of  the  mission  control  center  is  shown  in  figure  4.  Details  of  the  WATR  configuration  and 
operation  can  be  found  in  references  2  and  3. 

5.  ANALYSIS  AND  DISPLAY  TECHNIQUES 

5.1  Structural  Loads 

The  forward-swept  wing’s  inherent  tendency  toward  static  structural  divergence  and  the  potential  for 
high  loads  on  the  canard,  wing  flaperons,  and  strake  flaps  necessitated  direct  real-time  monitoring  of  certain 
critical  structural  loads.  The  interaction  and  interrelationship  between  the  component  bending  and  torsional 
loads  was  of  concern  and  required  a  cross  plotting  routine  to  display  these  loads  relative  to  strength  en¬ 
velopes  rather  than  displaying  separate  time  histories  (conventional  stripcharts  were  also  used).  These  data 
were  plotted  graphically  and  monitored  continuously,  particularly  as  the  X-29A  expanded  its  normal  load 
factor  envelope.  Extensive  loads  analysis  of  these  and  other  structural  components  was  also  conducted  post¬ 
flight.  Both  symmetric  and  asymmetric  loading  were  carefully  explored  through  a  series  of  flight  clearance 
maneuvers  (ref.  4).  Point-to-point  real-time  loads  clearance  was  critical  for  flight  safety  and  productivity  as 
the  X-29A’s  flight  and  maneuver  envelope  was  expanded. 

Cross-plotting  canabilities  were  used  to  display  strength  envelopes  for  various  vehicle  stations  on  the 
major  aircraft  compo  ents.  These  plots  were  generally  in  the  lorm  of  bending/torsion  interaction  plots 
where  structural  limits  are  interdependent.  Loads  and  flight  parameters  are  computed  on  the  Gould  real-time 
computers  and  passed  to  the  real-time  interactive  graphics  (RIG)  for  display.  Structural  loads  are  computed 
from  a  conventional  point  load  calibration  where  for  shear,  bending,  or  torque  the  general  equation  form  is 

load  =  Cipi  +  Cj/12  +  • .  •  +  Cnp„  (1) 

where  p  represents  the  individual  strain  gage  measurements  and  C  represents  ground  load  calibration  coef¬ 
ficients  derived  from  regression  techniques. 

Figure  5  shows  the  color  graphics  display  with  sample  data  from  a  windup  turn  maneuver  where  the 
wing  and  canard  plots  are  of  primary  interest.  The  upper  left  plot  of  the  display  shows  the  left  canard  root 
loads;  the  upper  right  plot,  the  fuselage  lateral  and  vertical  bending  loads;  the  lower  left  plot,  the  left  wing 
root  loads;  and  the  lower  right  plot,  the  vertical  tail  root  loads.  On  the  canard,  wing,  and  vertical  tail  plots, 
the  horizontal  axis  is  the  torsional  load,  and  the  vertical  axis  is  the  bending  load.  During  a  maneuver,  flight 
data  are  plotted  with  80  and  100  percent  design  limit  “boxes”  or  polygons  superimposed  with  the  general 
intent  being  to  stay  within  the  inner  80  percent  box.  Alternate  pages  are  available  that  replace  the  lower  right 
plot  with  a  different  wing  load  station.  Digital  parameters  displayed  to  the  left  of  the  plots  contain  flight 
conditions  and  aircraft  state  parameters  in  the  upper  block.  The  lower  block  contains  discrete  load  channel 
outputs.  AU  digital  data  are  updated  at  one  sample/sec.  The  cross-plotted  loads  are  displayed  along  with 
their  strength  envelopes  at  a  computed  update  rate  of  5  to  10  samples/sec.  Hardcopies  of  the  display  are 
available  in  near-real  time.  These  real-time  dynamic  displays  allowed  for  the  efficient  and  safe  structural 
loads  envelope  clearance  for  the  X-29A. 

5.2  Structural  Dynamics 

Tracking  of  the  aircraft  structural  dynamics  was  a  key  factor  in  the  safe  expansion  of  the  flight  enve¬ 
lope  of  the  X-29A.  Flight  monitoring  of  the  aircraft  structural  modal  stability  included  both  the  airframe 
elastic  modes,  or  aeroelasticity,  and  the  FCS-elastic  mode  interaction,  or  aeroservoelasticity.  Some  twelve 
structural  dynamic  modes  could  be  identified  on  the  X-29A,  of  which  the  five  most  critical  were  tracked 
in  real  time  in  flight  for  all  three  flight  control  system  modes  (normal  dig.tal,  ND;  digital  reversion.  DR; 
analog  reversion,  AR).  The  five  modes  tracked  in  real  time  included  the  first  symmetric  and  antisymmetric 
wing  bending  modes,  the  first  fuselage  vertical  and  lateral  bending  modes,  and  the  first  vertical  fin  bend¬ 
ing  mode.  Flight-derived  modal  frequency  and  damping  were  compared  in  real  time  against  closed-loop 
aeroservoelastic  predictions  and  provided  stability  trend  data  as  a  function  of  airspeed  as  the  flight  envelope 


was  expanded.  Of  particular  concern  was  monitoring  for  the  onset  of  a  potential  dynamic  interaction  known 
as  body-freedom  flutter,  or  BFF.  This  was  predicted  to  occur  when  the  wing-first-bending-mode  frequency 
decreased  and  coupled  with  the  aircraft  longitudinal  short-period  mode.  Body-freedom  flutter  was  predicted 
to  act  as  a  precursor  to  the  static  wing  divergence.  To  date  no  BFF  tendencies  have  been  observed  in  flight. 
Flight  data  from  the  other  seven  structural  modes  were  reduced  and  analyzed  using  postflight  techniques. 

Natural  turbulence,  pilot  stick  raps,  and  a  wing  flaperon  eccentric  rotary-mass  excitation  system  were 
used  to  excite  the  aircraft  structural  modes.  The  flaperon  rotary-mass  excitation  system  used  a  frequency- 
sweep  vibration  input  in  an  attempt  to  identify  a  predicted  supersonic  midflaperon  torsion  flutter  mode. 
Typically  the  aircraft  was  stabilized  in  level  flight  for  1  to  2  min  to  perform  the  stick  raps,  the  rotary-mass 
frequency  sweeps,  and  for  natural  turbulence  excitation. 

The  real-time  data  reduction  technique  consisted  of  a  fast  Fourier  analysis  method  carried  out  on  a 
Fourier  analyzer  using  a  flight  data  frame  size  of  1024  data  samples  at  100  samples/sec.  The  inverse  Fourier 
transform  was  computed  to  obtain  the  autocorrelation  function  from  which  a  data  cutoff  time  could  be 
manually  selected.  Smoothing  the  autocorrelation  function  yielded  an  autopower-spectrum  display  as  a 
function  of  frequency  (fig.  6)  that  was  curve-fitted  for  each  structural  mode.  The  structural  modal  frequency 
occured  at  the  maximum  amplitude  of  the  power  spectrum  density  curve,  and  the  structural  damping  was 
extracted  using  the  half-power  technique.  More  discussion  of  this  technique  can  be  found  in  reference  S. 
The  flight-derived  frequency  and  damping  of  the  five  primary  structural  modes  were  compared  in  real  time 
with  precomputed  predictions  as  a  function  of  aircraft  equivalent  airspeed  (fig.  7). 

Usually  all  three  flight  control  modes  were  plotted  and  tracked  at  the  same  flight  condition  on  the  same 
data  plot  display  to  observe  any  aeroservoelastic  effect.  Adverse  trends  in  frequency  or  damping  of  a  par¬ 
ticular  structural  mode  would  halt  the  flight  envelope  expansion  until  the  phenomenon  could  be  understood 
or  further  analyzed  using  postflight  techniques. 

S3  Flight  Control  Systems 

The  safe  and  efficient  flight  testing  of  the  X-29A  required  close  monitoring  of  the  dynamic  stability 
levels  because  of  the  high  degree  of  static  instability  and  the  minimal  predicted  stability  margins  at  some 
flight  conditions.  A  postflight  data  analysis  method  was  used  during  initial  envelope  expansion  flights  for 
flight  control  systems  clearance  and  dynamic  stability  checks.  This  process  nominally  required  1  to  3  days 
and  allowed  only  one  envelope  expansion  point  be  flown  per  flight  to  enable  careful  extrapolation  of  critical 
dynamic  stability  levels. 

Efforts  to  improve  flight  productivity  and  safety  resulted  in  the  development  of  two  new  real-time  dy¬ 
namic  stability  techniques — one  based  on  frequency  response  and  the  other  based  on  time  response.  These 
methods  improved  flight  test  efficiency  significantly  by  allowing  multiple  envelope  expansion  points  on  a 
single  flight.  The  direct  in-flight  measurement  of  actual  aircraft  dynamic  stability  levels  and  online  compar¬ 
isons  with  preflight  predictions  also  provided  for  enhanced  safety. 

Even  though  the  X-29A  longitudinal  control  system  used  multiple  sensor  feedbacks  and  a  three-surface 
control  effector  mechanization  (ref.  6),  the  control  law  did  collapse  into  a  single-loop  configuration  internally 
in  the  software.  This  allowed  a  classical  open-loop  frequency  response  technique  to  be  used  <o  assess  lon¬ 
gitudinal  dynamic  stability  levels  while  maintaining  all  feedback  loop  closures.  Pilot-generated  frequency 
sweeps  were  used  for  excitation,  and  internal  control  system  parameters  were  used  for  frequency  response 
computations. 

A  diagram  of  the  implemented  technique  is  shown  in  figure  8.  The  internal  control  system  parameters 
were  telemetered  to  a  ground  computer,  computations  were  performed  using  a  fast  Fourier  transform  algo¬ 
rithm,  and  the  flight-determined  frequency  response  was  compared  with  a  precomputed  estimate  based  on 
simulation  models.  This  technique  provided  a  real-time  comparison  of  predicted  gain  and  phase  margins 
with  actual  flight-determined  values.  This  information  was  used  to  assess  whether  to  proceed  to  the  next 
flight  test  point  immediately  or  to  hold  for  further  analysis. 
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A  typical  real-time  graphical  display  is  shown  in  figure  9.  In  general,  the  comparisons  proved  to  be 
remarkably  close,  indicating  that  the  mathematical  models  of  the  aircraft  used  in  the  predictive  analyses  were 
quite  accurate.  At  one  flight  condition,  the  comparison  was  not  too  close,  and  a  modification  of  the  overall 
pitch  loop  gain  was  required  to  establish  adequate  stability  margins.  The  successful  modification  (fig.  10) 
was  made  based  solely  on  the  frequency  response  results,  attesting  to  the  high  quality  data  achievable  using 
this  technique. 

A  technique  allowing  real-time  time  response  comparisons  between  flight  and  linear  simulation  data 
was  also  developed  (ref.  7)  to  aid  assessments  of  X-29A’s  flight  control  system  performance.  A  technique 
similar  to  the  one  used  for  the  frequency  response  tests  was  implemented.  As  shown  in  figure  11,  aircraft 
sensor  data  was  downlinked  for  use  in  ground  computer  algorithms,  and  computed  results  were  displayed 
on  graphical  terminals.  In  the  longitudinal  case,  pilot  input  signals  were  used  as  the  input  commands  to  a 
linear  simulation  of  the  aircraft.  In  the  lateral-directional  case,  the  aircraft’s  suface  positions  were  used  as 
a  direct  input  into  the  simulation  model  equations.  The  output  of  the  simulation  was  overplotted  directly 
with  the  actual  measured  aircraft  response  parameters,  thus  allowing  a  real-time  assessment  of  control  sys¬ 
tem  performance. 

A  typical  comparison  plot  for  a  series  of  pulse  maneuvers  is  shown  in  figure  12(a)  for  the  pilch  axis 
parameters  and  figure  12(b)  for  the  lateral-directional  axes  parameters.  The  comparisons  generally  agreed 
closely  and  were  sufficient  to  insure  the  aircraft  motions  were  near  those  predicted  and  additional  test  points 
could  be  taken.  Comparisons  with  linear  simulation  data  rather  than  the  full  nonlinear  simulation  also  al¬ 
lowed  for  easy  detection  of  unexpected  nonlinearities. 

5.4  Aeroperformance 

The  X-29A  aeroperformance  real-time  analysis  technique  development  did  not  have  a  direct  role  in  flight 
safety  or  flight  envelope  clearance.  It  was  developed,  rather,  to  increase  flight  efficiency  and  productivity 
through  maneuver  technique  cva'uation  and  data  quality  control  to  insure  the  best  aeroperformance  data 
possible.  Direct  real-time  evaluation  of  the  final  data  analysis  product,  as  in  the  case  of  drag  polar  coefficients 
of  lift  and  drag,  minimized  the  number  of  flight  repeats  that  often  arise  when  postflight  data  reduction  reveals 
poor  data  quality  or  poor  flight  maneuver  technique  such  as  unacceptably  high  maneuver  dynamics.  In 
addition  to  the  value  of  immediate  in-flight  aircraft  performance  evaluation  and  immediate  hard  copy  of 
flight  results  for  postflight  evaluation,  the  technique  has  the  potential  added  bonus  of  utilization  for  real¬ 
time  in-flight  aerodynamic  optimization  of  the  aircraft. 

The  real-time  aeroperformance  data  analysis  method  is  based  on  the  in-flight  calculation  of  net  thrust 
from  static  pressure  measurements  in  the  engine  afterburner  section.  This  algorithm  was  specially  developed 
for  the  X-29A  program  by  the  Computing  Devices  Company  (ComDev)  of  Ottawa,  Canada  and  is  known  as 
the  simplified  net  thrust  method  (SNTM).  It  is  based  on  ?.  complete  thrust  calibration  over  the  power  range 
of  the  flight  test  engine  at  the  NASA  Lewis  Research  Center  Propulsion  System  Laboratory  PSL-4  facility 
(ref.  8).  The  method  is  derived  from  the  simplified  gross  thrust  method  (SGTM)  developed  15  years  earlier 
(ref  9).  The  extension  of  the  SGTM  method  to  the  SNTM  method  involved  the  real-time  calculation  of  ram 
drag  from  true  airspeed  Vt  and  inlet  mass  flow  rate.  Net  thrust  was  also  corrected  for  estimated  nozzle  and 
spillage  drag,  yielding  the  net  propulsive  force  .  A  nominal  accuracy  of  ±3  percent  was  achieved  from 
this  algorithm  for  real-time  net  thrust  calculation.  Rapri  engine  throttle  transients,  performed  to  check  the  net 
thrust  algorithm  dynamic  response,  showed  the  algorithm  could  closely  follow  engine  transient  responses. 
Details  of  the  method  are  found  in  reference  10. 

Aircraft  coefficients  of  lift  Cl  and  drag  Co  were  calculated  from  the  equations 


CD  = 


D_ 

QS 


(2) 
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where  excess  thrust  is  computed  from 


F„  =  nxW, 


(3) 


and 


Aircraft  specific  excess  power  P ,  is  also  computed  and  displayed  as  a  function  of  Mach  number  from  the 
equation 


P,  =  F„V,/Wt  (5) 

The  maneuver  techniques  used  were  the  dynamic  pushover-pullup  and  the  constant-thrust,  constant- 
Mach  windup  turn  to  sweep  out  a  wide  range  of  angle  of  attack  at  a  given  Mach  number  in  two  short 
maneuvers.  These  maneuvers  were  flown  back-to-back  at  a  nominal  0.20  g/sec  g-onset  rate  at  fixed  Mach 
number  increments  over  the  speed  range  of  0.40  to  1.30  Mach,  The  maneuver  pair  could  be  completed  in 
less  than  a  minute.  The  real-time  data  inputs  were  neither  filtered  nor  thinned.  Data  were  plotted  on  the 
color  graphics  display  at  up  to  12.5  times/sec,  while  columnar  engine  and  aircraft  digital  data  were  updated 
once  per  second  on  the  same  display  screen. 

Figures  13  and  14  show  representative  displays  of  the  quality  of  drag  polars  achieved.  These  real¬ 
time  results  were  compared  with  later  postflight-reduced  drag  polar  results  and  were  found  to  be  in  good 
agreement.  Because  of  the  decision  not  to  digitally  filter  the  aircraft  accelerometers  in  real  time,  aerodynamic 
buffet  onset  could  also  be  seen  as  a  function  of  angle  of  attack  and  coefficient  of  lift  on  the  drag  polar  and 
lift  curves. 

6.  CONCLUDING  REMARKS 

Consideration  for  flight  safety  and  efficient  flight  envelope  expansion  of  the  X-29A  led  to  the  devel¬ 
opment  of  several  new,  innovative,  real-time  analysis  and  display  techniques.  Critical  X-29A  technologies 
requiring  the  continuous  in-flight  monitoring  included  the  forward-swept  wing  with  its  inherent  tendency 
toward  structural  wing  divergence  and  the  large  degree  of  airframe  subsonic  static  instability.  The  real-time 
analysis  techniques  developed  included  structural  static  loads,  structural  dynamics,  flight  control  system  sta¬ 
bility  characteristics  and  aircraft  flight  response,  and  aeroperformance.  Several  of  these  analysis  techniques 
also  provided  direct  comparisons  of  flight-measured  results  with  analytical  predictions.  These  techniques 
greatly  improved  flight  productivity  both  during  the  flight  envelope  expansion  phase  and  the  subsequent 
flight  research  phase,  reducing  the  need  for  repeat  flights  or  unnecessary  postflight  data  reduction.  The 
NASA  Western  Aeronautical  Test  Range  capabilities  enabled  telemetry  acquisition,  real-time  data  process¬ 
ing,  and  display  of  the  flight  data  in  the  mission  control  center. 
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Figure  1 .  X-29A  advanced  technology  demonstrator. 
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Figure  2.  X-29A  on-board  data  acquisition  system. 
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Figure  4.  Western  Aeronautical  Test  Range  mission  control  center. 
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Figure  7.  Structural  mode  frequency  and  damping  characteristics. 
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Figure  8.  FCS  real-time  frequency  response  (low  chart. 
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Figure  10.  Effect  of  gain  change  on  flight-measured  Bode  plot. 
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Figure  1 1 .  Aircraft  flight  response  characteristics  flow  chart. 


ft-  i  4 


PAYS 


7-1 


LES  TECHNIQUES  D'ESSAIS 
AUX  AVIONS  MARCEL  DASSAULT  -  BREGUET  AVIATION 


Comment  augmenter  l’efficacite  des  essais  en  vol 


FLIGHT  TEST  TECHNIQUES  ADOPTED  BY 
AVIONS  MARCEL  DASSAULT  -  BREGUET  AVIATION 


How  to  increase  the  efficiency  of  flight  testing 


By  Jean  COSTARD 
Test  Equipment  Manager 
AMD-BA  BP  28  13801  ISTRES  CEDEX  (FRANCE) 


R6sura4  : 


L’ augmentation  de  la  complexity  des  avions  et  des  systdmes  a 
entralne  une  augmentation  parallele  tres  importante  des  essais  de  mise  au 
point,  done  du  cout. 

Les  AMD-BA  ont  adopte  des  techniques  qui  perraettent  de  diminuer  le 
nombre  d'essais  en  vol  au  profit  d'essais  au  sol  moins  coGteux,  les  vols 
devant  etre  des  demonstrations  en  vue  de  la  qualification. 

Ces  techniques  ont  permis  de  maltriser  les  cadences  d ’acquisition 
de  donnees  ce  qui  permet  de  conserver  des  moyens  de  calcul  raisonnables  et 
facillter  les  analyses. 


Abstract  : 


The  ever-increasing  complexity  of  aircraft  and  systems  entailed, 
*n  parallel,  a  very  substantial  increase  in  development  tests,  and 
consequently  a  rise  of  cost. 

AMD-BA  have  adopted  techniques  enabling  to  reduce  the  number  of 
flight  tests  for  the  benefit  of  less  expensive  ground  tests  :  flights  must 
be  r.ave d  for  demonstration  with  the  aim  of  qualification. 

These  techniques  allowed  to  keep  in  control  of  data  acquisition 
rates  while  preserving  reasonable  means  of  computation  and  facilitating 
analysis . 


INTRODUCTION  -  PRESENTATION  OF  THE  COMPANY 


The  Avions  Marcel  DASSAUIT  —  BREGUET  AVIATION 
Company  was  born  In  1967  from  Che  merger  of  cwo 
Companies  witn  a  very  rich  past  in  aeronautics'. 

.  La  Societe  des  Avions  Marcel  DASSAULT, 

.  La  Societe  des  Avions  Louis  BREGUET. 

The  Avions  Marcel  DASSAULT  Company  was  founded 
bv  Mister  Marcel  DASSAULT  who  in  a  time  span  of 
69  years  devoted  to  aeronautical  creation  has 
produced  92  prototype  aircrafts  :  56  have  been 
developed  since  World  War  II  and  20  amongst  them 
were  produced  in  large  series  (Rig-  1.1). 

The  era  from  1947  to  1960  was  the  "golden  age" 
for  pilots.  Numerous  prototypes  came  into  being, 
leaning  on  rather  vague  specifications  by 
Headquarters  who  had  to  re-create  their  Air 
Forces,  and  in  the  Design  Offices  of  numerous 
Companies  innovative  "brainchildren"  fostered, 
culminating  in  a  large  variety  of  projets 
encompassing  light  intercepters  flying  at  high 
Mach  number  and  high  altitudes  and  Close  Ground 
Support  aircraft. 

But  very  quickly  designers  had  to  fly  in  the 
face  of  the  facts  :  finances  were  limited. 

Mister  DASSAULT  took  the  lead  with  his  poly¬ 
valent  delta-winged  aircraft  MIRAGE  III  which 
was  the  forerunner  of  numerous  versions  :  1412 
machines  have  been  produced  for  21  Air  Forces 
all  over  the  world. 

This  aircraft  as  well  as  several  others  :  MIRAGE 
IV,  ETENDARD,  FALCON  and  interesting  prototypes 
such  as  the  vertical  take-off  MIRAGE  III  V  and 
the  swing-wing  MIRAGE  G  have  contributed  in  the 
progressive  refinement  of  airframe  and  flight 
control  systems  development  techniques.  Experi¬ 
mentation  of  "fly-by-wire"  controls  started  in 
1959  on  the  MIRAGE  IV,  followed  by  the  MIRAGE 
III  V  in  1962. 

Another  keydate  of  evolution  is  1974  with  the 
arrival  of  navigation  and  weapon  systems  which 
substantially  increased  the  efficiency  of 
aircraft  -  but  also  their  price.  Airframe 
development  costs,  in  turn,  started  climbing 
with  the  introduction  of  new  materials  and 
technologies . 

Design  Engineering  costs  have  been  upsloping 
too,  due  to  the  use  of  powerful  computers  : 

.  aerodynamical  computations, 

.  computerized  design,  that  offers  the  advantage 
to  enable  the  fast  realization  of  mock-ups  but 
calls  for  wind  tunnel  tests  which,  on  account 
of  their  autor  -.cion,  follow  the  same  slope. 

On  the  other  hand,  these  means,  well  run  in, 
convey  a  solid  confidence  in  the  design  and  have 
succeeded  in  reducing  the  number  of  prototypes 
required  for  project  development. 

Eight  years  separate  the  penultimate  military 
aircraft,  MIRAGE  4000,  and  the  latest  DASSAULT 
creation,  the  RAFALE,  and  the  results  obtained 
with  this  experimental  aircraft  enable  us  to 
launch,  directly,  the  pre-production  aircraft. 

In  parallel  to  this  evolution  of  our  aircraft, 
the  scope  of  our  responsabilities  haB  enlsrgened. 

Being  aircraft  manufacturer  in  the  first  place, 
the  various  prototype  aircraft  presented  are  the 
bacV^ne  of  our  large  experience  in  airframe 
development  : 


1  -  INTRODUCTION  -  PRESENTATION  DE  LA  SOCIETE 


La  Society  des  Avions  Marcel  DASSAULT  -  BREGUET 
AVIATION  «»st  nee  de  la  fusion  en  1967  de  deux 
Societes  a  tres  riche  passe  aeronautique  : 

.  La  Societe  des  Avions  Marcel  DASSAULT, 

.  La  Societe  des  Avions  Louis  BREGUET. 

La  Societe  des  Avions  Marcel  DASSAULT  a  ete 
fondee  pair  Monsieur  Marcel  DASSAULT,  qui  en  69 
annees  de  creation  aeronautique  a  produit  92 
prototypea  ;  56  l'ont  ete  depuis  la  guerre  dont 
20  ont  donne  lieu  a  une  production  de  seric 
(planche  l.l). 

La  periode  1947  a  1960  a  ete  l'age  d’or  des 
pllotes,  De  nombreux  prototypes  ont  vu  le  jour 
sur  des  specifications  assez  vagues  des 
Etats-MajQrs  qui  devaient  recreer  leurs  forces 
aeriennes  et  des  idees  tres  florissantes  des 
Bureaux  d’Etude  de  nombreuses  societes  :  projets 
d 'intercepteurs  legers  a  grand  Mach  haute 
altitude  et  d'avions  d'appui  tactique. 

II  a  fallu  se  rendre  rapidement  S  1 'evidence  que 
les  f inancements  etaient  limites. 

Monsieur  DASSAULT  s'est  alors  impose  avec  son 
avion  Delta  MIRAGE  III,  polyvalent,  qui  a  donne 
le  jour  a  de  nombreuses  versions  ;  1412 
exemplaires  ont  ete  produits  pour  21  Armees  de 
l'Air. 

Cet  avion  ainsi  que  plusieurs  autres  :  MTRAGE 
IV,  ETENDARD  et  FALCON,  de  meme  que  des 
prototypes  interesaants  comrae  le  MIRAGE  III  V  a 
decollage  vertical  et  le  MIRAGE  G  a  geometrle 
variable,  ont  permis  de  developper  des 
techniques  de  mise  au  point  de  cellules  et  de 
conasandes  de  vol ,  Le  debut  des  commandes  de  vol 
61ectriqu«*s  date  de  1959  avec  le  MIRAGE  IV  puis 
le  MIRAGE  III  V  en  1962. 

Une  autre  evolution  date  de  1974  avec  1'arrivee 
de  systemes  de  navigation  et  d’armement  qui  ont 
augmente  de  fagon  importante  l'efficacite  des 
avions,  raais  egalement  leurs  couts.  Le  cout  de 
la  cellule  augmente  quant  a  lui  par  l'intr'duc- 
tion  de  nouveaux  materiaux  et  technologies. 

Le  prix  des  etudes  augmente  egalement  par 
1 'utilisation  d'heures  d ' ordinateurs  puissants  : 

.  calculs  aerodynamiques, 

.  conception  sur  ordinateur  qui  permet  en 

particulier  de  realiser  rapidement  des 
maquettes  mats  avec  des  couts  d'essais 
soufflerie  qui,  automat ises ,  suivent  la  meme 
pente . 

Par  contre  ces  moyens  bien  rod^s  donnent  une 
grande  confiance  dans  la  conception  et  ont 
permis  de  diminuer  le  nombre  de  prototypes. 

Huit  annees  ont  separe  le  dernier  avion 
militaire  MTRAGE  4000  et  le  RAFALE  et  les 
resulr.ats  de  cet  avion  experimental  permet.ent 
de  lancer  directement  de  ■  avions  de  preserle. 

Para  1 le 1 ement  a  cette  evolution  de  nos  avions, 
nos  responsabi  1  ites  dans  la  mise  au  point  se 
sont  etendues. 

Fn  premier  lieu  «»eant  construct  *ur  d’avions,  les 
diff4rents  prototypes  presentes  nous  ont  donne 
une  tres  large  experience  dans  les  mises  au 
point  de  cellule  : 
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.  Flight  envelope  extensions  with  : 

.  Monitoring  of  structural  vibrations  to 
prevent  flutter 

.  Monitoring  of  stress  and  strains 

.  Study  of  handling  qualities 

.  Spin  and  high  AoA  testing 

.  Tuning  of  the  flight  controls  comprising 

conventional  systems,  electrical  controls  for 
hovering,  fully  electrical  systems  with  analog 
computers  (MIRAGE  2000  and  4000)  and  digital 
processors  (RAFALE) . 

.  Performance  measurements 

.  Engine  integration  with  air  Intake  adaptation 

.  Engine  tune-out,  for  Instance  the  GARRETT  ATF 
3  on  FALCON  20  GUARDIAN 

.  Development  of  the  integral  aircraft  systems 
and  sub-systems. 

.  Development  engineering  of  landing  gears,  in 
particular  test  of  deck-landings  on  aircraft- 
-carriers  for  naval  aircraft. 

.  Fine-tuning  of  arrester  hooks  :  aircraft- 
-carrier  operation  or  emergency  arrestments. 

.  Noteworthy  too,  extensive  participation  in 
pilot  ejection  testing. 

.  Civil  aircraft  certification  : 

.  Business  aircraft  line  :  FALCON  10,  20,  50, 
900, 

.  Short  and  medium  range  transport  aircraft  : 
MERCURE . 

.  Our  experience  in  armament  testing  has  been 
maturing  throughout  the  same  time  span  : 

.  Armement  integration 
.  Gunnerv  and  missile  firing 

and  our  developments  of  certain  weapons  have 
also  made  their  proofs  : 

.  gun  pods, 

.  rocket-launcher, 

.  special  tanks, 

.  photographic  recce  pods. 

Development  of  reconnaissance  aircraft  can  be 
included  in  this  chapter. 

In  1972,  we  understood  that  to  export  our 
aircraft,  we  had  to  take  over  the  responsibility 
of  weapon  systems  integration. 

The  means  deployed  to  ensure  this  integration 
and  the  experience  we  have  been  gaining  in  this 
process  now  enable  us  to  take  over  this  task  on 
other  than  Company-built  aircraft,  and  thus  to 
assist  countries  in  the  renovation  of  their  air 
fleets . 

In  1978,  we  moreover  included  countermeasures 
integration  and  the  development  of  tools, 
optimizing  the  man-machine  interface,  in  our 
spectrum  of  activities. 


.  Extensions  de  domalne  de  vol  avec 

.  Controle  des  vibraticne  de  structure  pour 
prEvenir  le  flutter. 

.  Controle  des  efforts  et  contraintes 

.  Etude  des  qualltEs  de  vol 

.  Essais  de  vrilles  et  grandes  incidences 

.  Mlse  au  point  des  commandes  de  vol, 

classlques,  electriques  en  vol  stationnalre , 
entlErement  Electriques  avec  calculateurs 
analogiques  (MIRAGE  2000  et  4000)  et 
numEriques  (RAFALE) . 

.  Mesure  de  performances 

.  IntEgration  des  moteurs  avec  adaptation  des 
entrEes  d'alr. 

.  Mlse  au  point  de  moteurs,  cas  de  l'ATF  3 
GARRET  sur  FALCON  20  GUARDIAN. 

.  Mlse  au  point  des  circuits  et  sous  systEmes 
integrEs  avion. 

.  Mlse  au  point  de  trains  d 'atterrlssage ,  en 
particuller  avec  essais  d'appontage  d'avlons 
Marine. 

.  Mlse  au  point  de  crosse  d 'arret  :  porte-avions 
ou  detresse. 

.  A  signaler  egalement  une  grande  participation 
aux  essais  d'Ejection  pllote. 

.  Certification  d’avlons  civils 

.  serie  des  avions  d'affaires  FALCON  10,  20, 
50,  900, 

.  Avion  transport  court-moyen  courrler 
MERCURE . 

.  Notre  expErience  dans  lea  essais  d'armements 
est  toute  aussi  ancienne. 

.  IntEgration  d'armements, 

.  Tir8  canon  et  missiles 

mala  Egalement  dEveloppements  de  certains 
armements . 

.  Chassis  canons 
.  Lance  roquettes 
.  Bidons  speciaux 
.  Bidons  de  reconnaissance  photo. 

On  peut  placer  dans  ce  chapitre  des 
dEveloppements  d’avlons  de  reconnaissance. 

En  1972,  nous  avons  comprls  que  pour  exporter 
nos  avions  nous  devion.3  prendre  la  responsabl- 
litE  de  1 ’ IntEgration  des  systEmes  d'armes. 

Les  moyens  mis  en  oeuvre  pour  cette  IntEgration 
et  1 'expErience  que  nous  en  avons  retirEe  nous 
permettent  maintenant  d'assurer  cette  tache  sur 
d'autres  avions  que  ceux  de  notre  soclEtE, 
permettant  alnsl  E  des  pays  de  rEnover  leurs 
flottes. 

Depuls  1978,  nous  y  avons  ajoutE  1 'IntEgration 
dea  contre-mesures  et  le  dEveloppement  d'outlls 
de  miae  au  point  de  1' Interface  home  /machine . 
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PROTOTYPES  FROM  1947  TO  1986 
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ORGANIZATION  OF  DEVELOPMENT  ENGINEERING 


To  be  able  to  understand  the  test  techniques  and 
means  used  In  other  countries  and  by  the  various 
manufacturers,  it  is  indispensable  to  have  an 
Inside  knowledge  of  the  structural  organization 
of  development. 

To  develop  modern  aircraft  very  powerful 
computation  means  are  a  must.  Systems 
integration  problems  also  necessitate  electronic 
processing  tools  without  large  computation 
capacity  but  offering  numerous  and  fast  entry 
possibilities.  When  adding  all  the  peripherals 
and  infrastructures  required,  the  cost  of 
investment  is  considerable. 

To  avoid  the  duplication  of  these  means, 
several  orientations  have  been  adopted. 

One  approach  consists  in  incorporating  all 
development,  integration  and  evaluation  test 
activities  within  the  framework  of  an  Official 
Test  Center  that  is  also  the  center  for 
operational  evaluation.  This  is,  for  example, 
the  solution  adopted  by  the  USA.  It  allows  to 
reduce  investments  -  although  the  latter  can  be 
retraced,  dispersed  on  serveral  test  centers  in 
lieu  of  various  manufacturers  -  and  ensures  a 
complete  integration  of  development  teams  and 
users.  However,  this  solution  has  its  drawbacks: 

.  Test  activities  have  moved  apart  from  Design 
Offices,  psychologically  even  more  than 
geographically. 

.  As  manufacturers’  test  teams  are  more 

disseminated,  thus  less  in  charge,  it  may 
become  more  difficult  to  keep  qualified 
staffers . 


-  ORGANISATION  DE  LA  MISE  AU  POINT 


Pour  p.ouvoir  comprendre  les  techniques  d'essais 
et  les  moyens  utilises  dans  les  differents  pays 
et  chez  les  differents  constructeurs  il  est 
necessaire  de  connaltre  la  structure  de 
1 ’organisation  dans  la  ®ise  au  point. 

La  mise  au  point  d’un  avion  moderne  demande  des 
moyens  de  calcul  trds  puissants.  Les  problemes 
d’ integration  de  systemes  demandent  egalement 
des  moyens  informatiques  sans  grosse  puissance 
de  calcul  mais  avec  des  possibilites  d'entrees 
sorties  importantes  et  rapides.  Si  l'on  y  ajoute 
tous  les  peripheriques  et  infrastructures 
necessaires,  le  cout  des  invest issements  esc 
considerable . 

Pour  eviter  la  duplication  de  ces  moyens 
plusleurs  orientations  ont  et£  adoptees. 

L'une  consiste  a  integrer  tous  les  essals  de 
mise  au  point,  d '  integration  et  devaluation  au 
sein  d'un  centre  d'essai?  officiel  etant  centre 
d' evaluation  operationnel le .  C'est  par  exemple 
la  solution  adoptee  aux  USA.  Elle  permet  de 
diminuer  les  investissements  -  bien  qu'on  les 
retrouve  disperses  dans  plusleurs  centres 
d'essais  au  lieu  de  plusleurs  constructeurs  -  et 
assure  une  integration  complete  des  equlpes  de 
mise  au  point  et  utilisateurs .  Par  contre,  elle 
apporte  des  inconvenien's  : 

.  Les  essais  sont  eloignes  des  Bureaux  d' Etude 
et  surtout  plus  psychologlquement  que  geogra- 
phiquement . 

.  Les  Equlpes  d'essais  constructeurs  plus 

dispersees  et  etant  tnoins  responsahilis^es,  il 
peut  devenir  plus  difficile  de  conserver  des 
personnels  qualifies. 
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.  A  well  equipped  Test  Center  may  be  tempted  to 
process  data  more  extensively  before 
forwarding  then  to  the  Design  Office,  this 
entailing  a  delay  in  modification  proposals. 

.  Inversely,  the  Design  Office  may  "forget''  the 
existence  of  a  test  team  and  may  fail  to 
consult  it  or  to  inform  it  on  modifications 
that  ought  to  be  applied  on  aircraft  under 
test,  and  on  test  requirements  for  validation. 

In  EUROPE,  manufacturers  have  upkept  their  own 
test  activities. 

Avlons  Marcel  DASSAULT  -  BREGUET  AVIATION 
succeeded  in  reducing  development  costs  by 
Integrating  the  Flight  Test  Division  into  the 
comprehensive  development  cycle,  encompassing  : 

.  Design  Office, 

.  Partial  tests, 

.  S limitations, 

.  Global  ground  tests, 

.  Flight  tests. 

Thanks  to  this  integration,  it  is  possible  to 
optimize  the  adaptation  of  means  to  the  actual 
requirements,  and  to  reduce  the  number  of  flight 
tests  for  the  benefit  of  ground  tests  that  are 
less  costly  and  often  more  exhaustive. 

On  figure  2.1  are  outlined  the  various  stages  of 
the  development  cycle  as  well  as  the 
responsibilities  conferred.  The  same  imbrication 
of  tasks  has  been  adopted  to  handle  the 
different  types  of  development  :  airframe, 
weapon  system,  armaments. 

The  user.  Air  Force  or  Navy  Headquarters, 
express  their  needs  which  are  defined 
technically  by  the  French  Official  Authorities  , 
the  "Service  Technique  de  1 ' Aeronautique  (STAe) 
who,  in  cooperation  with  the  manufacturer's 
Design  Office,  establish  the  global  specifi¬ 
cations.  At  this  stage  is  finalized  the  choice 
of  the  general  form  of  the  new  aircraft,  amongst 
several  computed  solutions  that  were  tested  in 
the  wind  tunnel. 

.  The  following  phase  consists  in  reviewing  in 
greater  detail  the  specifications  of  the 
various  equipment  and  sub-systems.  For  the 
electric  flight  control  system  for  Instance 
(Fig.  2.2)  this  optimization  also  Involves  the 
means  for  simulation  and  analytic  study. 

As  for  weapon  systems,  the  specifications  for 
pilots'  displays  and  man-machine  interfaces 
are  elaborated  with  the  help  of  the  OASIS 
Center  (Avionics  Specifications  Design  Tool) 
where  the  users  Join  in  the  manufacturer's 
team  "on  the  job".  This  Center,  although 
placed  under  the  responsibility  of  the  Design 
Office  for  conceptlonal  functions,  Is  accommo¬ 
dated  within  the  Flight  Test  Division,  to  be 
close  to  the  pilots. 

Equipment  developments  fall  under  the 
responsibility  of  their  manufacturers.  The 
various  materials  are  then  Integrated  into 
test  benches  : 

.  Flight  Controls  Bench  in  the  Design  Office 
(Fig.  2.3).  For  these  tests,  the  means  for 
computerized  processing  are  the  same  as 
during  the  preceding  phase,  complemented  by 
other  specific  tools  to  meet  simu'  tor 
requirements. 


.  Un  centre  d’essais  bien  equlpe  peut  etre  tente 
de  trailer  de  fagon  plus  approfondie  les 
donnees  avant  de  les  transmettre  au  Bureau 
d'Etude,  d'ou  un  retard  dans  les  modifications 
a  proposer. 

.  Inverseraent  le  Bureau  d'Etude  peut  oublier 
qu'il  a  une  equipe  d'essais,  ne  pas  la 
consulter,  ni  1' informer  des  modifications 
qu'il  serait  necessaire  d'appliquer  sur  les 
avions  en  essais  et  des  essais  de  validation 
necessaires . 

En  EUROPE,  les  constructeurs  ont  garde  leurs 
essais  propres. 

Aux  Avions  Marcel  DASSAULT  BREGUET  AVIATION  la 
diminution  des  couts  de  mise  au  point  a  et£ 
reallsee  en  integrant  les  Essais  en  '  1  dans 
tout  le  cycle  de  mise  au  point. 

.  Bureau  d'F.tude, 

.  Essais  partiels, 

.  Simulations, 

.  Essais  au  sol  globaux, 

.  Essais  en  vol. 

Cette  integration  permet  d'adapter  au  mieux  les 
moyens  aux  besoins  et  de  reduire  le  nombre 
d'essais  en  vol  au  profit  d'essais  au  sol  moins 
couteux  et  souvent  plus  complets. 

Sur  la  planche  2.1,  on  trouvera  les  differentes 
etapes  dans  ce  cycle  de  mise  au  point  avec  les 
differentes  responsabill tes .  L ' imbrication  des 
taches  se  retrouvera  dans  les  differents  types 
de  raises  au  point  :  cellule,  systeme  d'armes, 
armement . 

L'utilisateur ,  Etat  Major  de  l'Armee  de  l'Air  ou 
de  la  Marine,  exprime  des  besoins  qui  sont  mis 
en  forme  techniquement  par  le  Service  Technique 
de  1 'Aeronautique  (STAe)  qui,  travaillant  en 
collaboration  avec  le  Bureau  d'Etude  construc- 
teur,  elabore  les  specifications  globales.  On 
aboutit  a  ce  stade  a  un  choix  de  la  forme 
generale  avion  parmi  plusieurs  solutions 
calculees  et  essayees  en  soufflerie. 

.  La  phase  suivante  permettra  d'entrer  plus  en 
detail  dans  les  specifications  des  differents 
equipements  et  sous  systemes. 

Dans  le  cas  des  commandes  de  vol  par  exemple 
(planche  2.2)  interviennent ,  pour  cette 
optimisation,  des  moyens  de  simulation  et 
d'etude  analytique. 

Dans  le  cas  des  systemes  d'armes,  les 
specifications  de  visualisations  pilote  et 
d* interface  homme /machine  sont  eiaborees  grace 
su  centre  OASIS  ou  se  retrouveront  les 
utilisateurs .  Ce  centre,  bien  que  dependant  du 
Bureau  d' Etude  pour  ses  fonctions  de 
conception,  est  situe  aux  Essais  en  Vol  pour 
etre  proche  des  pilotes. 

.  La  mise  au  point  des  equipements  est  de  la 
responsabilite  ces  fabricants.  Ils  seront 
ensuite  integres  dans  des  bancs  : 

.  Banc  commandes  de  vol  au  Bureau  d' Etude 
(planche  2.3).*  On  utilise  pour  cea  essais 
les  raemes  moyens  lnformatlques  que  pour  la 
phase  pr£cedente  a  zee  d'autrea,  adaptAs  au 
travail  de  simulateurs. 

.  Bancs  d *  integration  pour  les  syst&mes 
d'  antes . 


.  Integration  Benches  for  Weapon  Systems. 
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These  tests  are  completed  by  ground  test 
series  In  order  to  update  the  different 
computation  bases. 


Ces  essais  seront  completes  par  deB  essais  au 
sol  qul  recaleront  les  dlfferentes  bases  de 
calcul . 


On  completion  of  this  phase,  the  equipment  Is 
thoroughly  debugged,  operating  directives  and 
provisional  limitations  are  defined,  and  the 
performance  of  the  system  on  the  whole  and  the 
aircraft  are  "canned".  After  having  investigated 
the  results  concurrently  with  the  governmental 
Authorities,  the  aircraft  is  declared 
"airworthy". 


The  first  tests  are  dedicated  to  Identification 
to  introduce  parameters  that  cannot  be  covered 
in  ground  testing,  as  for  Instance  the  evolution 
of  "soft”  modes  and  the  man-machine  couple. 
Means  and  procedures  used  for  test  processing 
are  Identical  to  those  described  earlier,  both 
in  the  Design  Office  and  on  the  test  rigs  (Fig. 
2.4). 


After  having  up-dated  the  bases,  it  is  thus 
possible  to  readjust  the  various  directives  and 
instructions  for  the  validation  flights,  prior 
to  general  evaluation  and  certification. 

For  test  activities,  the  integration  principle 
was  adopted  again  to  associate  the  teams  of  the 
military  users  and  their  technical  delegations, 
and  the  Official  French  Flight  Test  Center 
(C.E.V) .  Evaluation  flights  are  performed  very 
early  and  throughout  development  to  validate 
progress  status  advances  (see  Fig.  3.2.5). 

Homogeneity  of  procedures  is  obtained  through 
the  convergence  of  all  operational  test  teams  of 
the  Air  and  Naval  Forces  in  a  single  technical 
Test  Center. 

This  Test  Center  also  places  at  the 
manufacturers  disposal  : 


On  aboutit ,  4  l’lssue  de  eecte  phase,  a  des 
ensembles  blen  dSvermlnes.  des  eonslRnes 
d  emplol  et  limitations  provlsolras,  ainsl  qu'a 
des  performances  d’ensemble  du  systeme  et  de 
1* avion. 

1’ avion  alors  eat  declare  bon  de  vol  apres 
examen  des  dlfferents  resulcats  aver  les 
Services  Offlclels, 

Lea  premiers  essals  seront  des  easals 
d  identification  pour  faire  Intervenir  les 
parametres  qul  ne  peuvent  Stre  obtenua  au  sol, 
comae  par  exemple  devolution  des  modes  souples 
et  le  couplage  homme/machlne . 

Cea  essals  sont  exploites  par  les  memes  moyens 
et  procedures  que  precedemment ,  au  Bureau 
d  Etude  ou  aux  banca  (planche  2.4). 

Cecl  permet  apres  le  recalage  des  bases,  de 
mettre  4  lour  les  dlfferentes  consignes  pour  les 
vols  de  validation  avant  devaluation  eenerale 
et  certification. 

Du  point  de  vue  essals  11  y  a  egalement  une 
integration  avec  les  equlpes  des  utilisateurs 
mil 1 taires  et  de  leur  delegation  technique,  le 
Centre  d'Essals  en  Vol  offlclel  (CEV) .  Des  vols 
d  evaluations  sont  effectues  tres  tot  et  tout  le 
long  de  la  mise  au  point  pour  vallder  des 
etapes  (voir  planche  3.2.5). 

I'ne  homogeneity  dans  les  procedures  est  obtenue 
par  la  presence  d’un  centre  d’ essals  technique 
unique  qul  regoit  les  equlpes  d'essais 
opera tionne lies  des  deux  antes,  Armee  de  l'Air 
et  Marine. 


.  Facilities  for  Trajectory  measurements, 

.  A  Telemetry  Reception  Center, 

.  Chase  aircraft. 

It  also  takes  over  development  flight  tests  for 
equipment  manufacturers  who  don't  have  their  own 
test  center. 

In  the  following,  the  users  carry  out 
operational  qualification  flights  in  their  own 
Flight  Test  Centers.  New  needs  that  may  have 
been  revealed  in  the  course  of  these 
qualification  flights  or  scheduled  status 
evolutions  will  give  rise  to  new  specifications, 
undergoing  the  same  development  circuit. 

The  powerful  computer  backing  the  management  of 
this  organization  is  that  of  the  Design  Office 
(Fig.  2.5)  :  after  having  been  the  support  for 
the  elaboration  of  the  computional  bases  it  also 
comes  in,  in  association  with  the  flight 
controls  simulator,  to  assist  Design  Office  in 
defining  the  operating  directives  :  flight 
envelope,  flight  manoeuvre  limits... 

The  Flight  Test  Team  assumes  the  part  of  a  very 
critical  controller  who  compares  the  real 
aircraft  with  design  assumptions.  This 
comparison  has  to  be  made  very  quickly,  in  order 
to  be  able  to  interrupt  a  test  series  or  a 
flight,  if  significant  'discrepancies  are 
highlighted . 

The  role  of  the  Flight  Test  Team,  and  especially 
that  of  the  pilot  is  very  weighty,  from  the 
definition  phase.  Their  practical  authority  they 
convince  Management  into  adjustments  to  obtain  a 
machine  perfectly  tailored  to  the  requirements 
of  domestic  users  and  export  potentials. 


l.e  centre  d'essais  met  egalement  a  la  disposi¬ 
tion  des  constructeurs  des  facilites  : 

.  Trajectographie , 

.  Centre  de  reception  tel emesure , 

.  Avions  d 'accompagnement , 

II  assure  egalement  les  essais  en  vol  de  mise  au 
point  d'equipementiers  qui  n’ont  pas  de  centres 
d'essais  propres. 

Les  utilisateurs  effectuent  ensuite  les  vols  de 
qualification  operationnel  le  dans  leurs  propres 
centres.  De  nouveaux  besoins  mis  en  evidence  par 
ces  essais  de  qualification  ou  des  evolutions 
prevues  feront  l'objet  de  nouvelles  specifica¬ 
tions  avec  le  merae  circuit  de  developperaent . 

Avec  cette  organisation  1 ’ordinateur ,  a  grande 
puissance  de  calcul,  est  celui  du  Bureau  d'Etude 
(planche  2.5).  II  a  servi  a  etablir  les  bases  de 
calcul  et  avec  1'aide  du  simulateur  commande  de 
vol,  le  Bureau  d’Etude  etablir  les  consignee  : 
domalne  de  vol,  limites  devolution.  L'equipe 
d  essais  en  vol  a  un  role  de  controleur  tres 
critique  qui  compare  la  machine  reelle  avec  les 
previsions.  Cette  comparison  doit  etre 
effeetuee  tres  rapidement  de  maniere  3 
interrompre  une  serie  d’essais  ou  un  vol  s'il 
est  constate  des  e  arts  notables. 

Le  role  de  l'equlpe  d’essais  et  particulierement 
du  pilote  est  tres  important  des  le  stade  de 
definition.  Ils  peuvent  inflechir  la  Direction 
Societe  pour  obtenir  la  machine  la  mieux  adapter 
aux  besoin«  des  utilisateurs  nationaux  er 
potentie Is  "Export". 


To  optimize  contacts  with  the  users,  the  AMD-BA 
pilots  are  chosen  among  the  various  operational 
disciplines  :  Air  Defense,  Spot  Bombing, 
Reconnaissance,  Navy. 

The  Flight  Test  Team  is  responsible  for  : 

.  The  pre-flight  preparation  of  the  aircraft  and 
its  test  installation, 

.  The  organization  of  ground  test  programs, 

.  The  organization  of  flight  programs  : 
long-term  schedules  with  the  consent  of  the 
Design  Office  and  Governmental  Authorities, 
fllght-to-f light  calendars  under  their  own 
responsibility. 

It  is  in  charge  of  all  the  development  tasks 
that  do  not  necessitate  extensive  processing 
programs.  When  anomalies  found  on  a  weapon 
system  cannot  be  explained  by  simple  traces, 
trouble  shooting  is  entrusted  to  the  integration 
bench  specialists-  who  use  plav-backs  of  an 
incriminated  flight  phase,  extracted  from  flight 
recordings,  to  reach  their  diagnostic. 

For  the  more  complex  tests  dedicated  to 
performances ,  handling  qualities,  load 
measurements,  etc  ....  the  test  data,  after 
check  of  their  validity,  are  forwarded  to  the 
Design  Office  which  will  then  be  in  a  position. 
In  association  with  additional  information 
obtained  bv  computation  or  wind  tunnel  results, 
to  update  the  initial  bases  and,  in  the 

following,  to  extend  the  limitations. 

The  Flight  Test  Team  is  also  in  charge  of 
transmitting  to  equipment  manufacturers  the  data 
they  need  to  develop  their  products. 

To  ensure  the  correct  and  expeditious  operation 
of  this  organization  as  a  whole,  it  is  necessary 
to  attach  a  particular  importance  to  the 

standardization  of  data  exchange  (Fig. 2. 61.  This 
chart  outlines  the  standards  used  by  AMD-BA 
(also  confer  to  figures  2.7  and  2.8)  that  were 
also  adopted  by  other  institutions  in  FRANCE. 

The  data  of  flights  made  at  ISTRES  during  the 
day  are  checked,  and  can  he  at  hand  the  next 

morning  in  the  Design  Office,  located  750 

kilometers  away,  at  Saint-Cloud  (outskirts  of 
PARIS).  The  transport  is  handled  by  lorries  at 
night . 


Pour  assurer  les  meilleurs  contacts  avec  les 
utilisateurs ,  les  pilotes  AMD-BA  sont  issus  des 
differentes  specie Ittes  :  Defense  Aerienne, 
Bombardement ,  Reconnaissance,  Marine. 

L'equlpe  d’essals  a  la  responsabili to  de  : 

.  La  preparation  de  1 ’avion  et  de  son 

installation  de  mesuie, 

.  L'organisation  des  essais  au  sol, 

.  ^'elaboration  des  programmes  de  vol,  les 

programmes  a  long  terme  avec  1' accord  du 

Bureau  d’Etude  et  des  Services  de  I'F.tat,  les 
programmes  vol  a  vol  sous  leur  propre 

reaponsabilite. 

El le  est  chargee  d’assurer  les  mises  au  point  a 
partir  d'exploitations  qui  ne  necessitent  pas  de 
gros  programmes  de  traitement.  I.orsque  des 
anomalies  sur  le  svsteme  d’armes  ne  peuvent  rtre 
expliquees  par  des  traces  simples,  le 
diagnostlque  s'effectue  sjr  les  banc9 
d ' integrat ion  par  des  play-back  de  la  phase 

correspondante  a  partir  des  enregistrements  de 
vol . 

Pour  les  exploitations  plus  complexes 
(performances,  qualites  de  vol,  commandes  de 
vol,  efforts)  les  donnees,  apres  control e  de 
validite,  sont  transmlses  au  Bureau  d' Etude  qui 
pourra  alors,  a  l'aide  d’autres  informations  de 
soui'flerie  ou  de  calcul  ,  recaler  les  bases 
initiales  puis  etendre  les  limitations. 

Les  essais  en  vo!  assurent  *galement  la 

transmission  des  donnees  qui  sont  necessaires 
aux  equipementiers  pour  leurs  raises  au  point. 

Pour  que  cet  ensemble  fonctionne  correcteroent  et 
rapidement  il  est  necessaire  d'apporter  un  soin 
particulier  a  la  standardisation  des  echanges  de 
donnees  (planche  2.6).  Cette  planche  fait 
apparattre  des  standards  (BX  et  VAR)  (planches 
2.7  et  2.8)  qui  ont  ete  adopt**  par  d’autres 

organismes  en  FRANCE. 

Les  donnees  controlees  d'un  vol  effectue  a 

ISTRES  peuvent  etre  disponibles  le  lendemain 
matin  au  Bureau  d'Etude  a  SAINT-CLOUD,  centres 
eloignes  de  750  Kms .  Ce  transport  de  donnees 

s'effectue  de  nuit  par  camion. 
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3  -  TEST  TECHNIQUES 

Through  Inventive  test  techniques,  AMD-BA  have 
succeeded  : 

.  to  increase  the  safety  of  flights, 

.  to  reduce  the  number  of  flights, 

.  to  shorten  development  times, 

.  to  decrease  the  number  of  measured  parameters 
and  the  acquisition  rates. 

We  subdivised  these  techniques  into  several 
categories  : 

.  Data  acquisition  and  processing  in  real  time, 

.  Model  technique  for  data  processing, 

.  Integration  tests  of  weapon  systems  and 
armament , 

.  Countermeasures  testing. 

A  time  history  of  our  experience  gained  on  these 
tasks  Is  epitomized  on  figure  3.0.1.  The 
keydates  are  : 

1960  :  Model  technique  applied  to  performance 
analysis , 

1965  :  Modelized  processing  of  handling 

qualities.  Acquisition  of  magnetic  tapes 
of  airborne  analog  recorders, 

1968  :  Flutter  analysis  technique, 

1968  :  Real-time  acquisition  of  telemetry, 

1974  :  Integration  of  the  weapon  system  on 
stimulable  test  bench, 

1978  :  Countermeasures  testing  in  anechoic 

chamber , 

1979  :  Man-machine  interface  on  simplified 

simulators . 


3  -  TECHNIQUES  D’ESSAIS 

Des  techniques  d’ essals  originales  ont  permis  : 

.  d'accr^Ttre  la  securite  des  vols, 

.  diminuer  le  nombre  de  vols, 

.  diminuer  les  delais  de  mise  au  point, 

.  diminuer  le  nombre  d’avions  en  essals , 

.  diminuer  le  nombre  de  parametres  mesures  et 
les  cadences  d ’ acquisit Ion . 

Nous  les  avons  classees  en  plusieurs  rubriques  : 

,  1 ’acquisition  et  traitement  de  donnees  en 
temps  r£el, 

,  1 'exploitation  par  la  methode  du  modele, 

.  les  essals  d ’ integration  de  systeme  de 
navigation  et  annemer. 

.  les  essals  d '  integration  des  armernents, 

.  les  essals  de  contre-mesures . 

Nous  donnons  sur  la  planche  3.0.1  1 'historique 
de  notre  experience  sur  ces  sujets.  T.es  dates 
importantes  sont  : 


1960  :  exploitation  des  performances  par  la 
technique  du  modele, 


L965  : 

exploitation  des  quail tes  de  vol  par 
la  technique  du  modele,  acquisition  de 
donnees  sur  bandes  d ' enregistreurs 

magnetiques  embarques. 

1968  : 

methode  d'exploitation  du 

flutter. 

1968  ; 

acquisition  temps  reel  de 

la  telemesure, 

1974  : 

integration  di  systeme  d' 
stimulable , 

armes  sur  banc 

1978  : 

:  essals  de  contre-mesures 
anechofde , 

en  chambre 

1979  : 

:  interface  homme /machine  sur  simulateurs 
simplifies. 

EXPERIENCE  ON  TEST  TECHNIQUES 

Fig .  3.0.1 


4  CPU'S 
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3.1  -  Data  Acquisition  and  Processing  tn  Real-Time  3.1  -  Acquisition  at  traltement  de  donnles  en 

temp s  r£cl 


3.1.1  -  Goal 


3.1.1  -  But 


The  primary  concern  of  Flight  Test  must 
be  SAFETY.  To  reach  this  aim,  a  certain 
number  of  precautions  are  to  be  taken  : 

.  Constitution  of  a  closely  cooperating 
Test  Team, headed  by  a  Flight  Test 
Engineer  who  must  have  a  solid 
knowledge  of  his  machine  to  assist  the 
pilot  in  test  conduct. 

.  A  perfect  knowledge  of  the  limitations 
and  the  possible  hazards. 

Test  teams  have  paid  a  heavy  tribute 
to  the  technical  progress  of  aircrafts, 
despite  all  the  necessary  forethought 
and  precautions.  One  safety  rule 
consists  in  installing  on  board  only  the 
people  indispensable  for  the  conduct  of 
the  mission,  bearing  in  mind  that 
accidents  frequently  happen  during  tests 
that  are  not  considered  critical. 

.  A  test  program  must  be  established 
with  a  maximum  of  c$re,  and  the  pilot, 
well  briefed,  signs  it,  hereby 
assuming  the  responsibility  of  the 
flight,  aided  by  the  Flight  Test 
Engineer  who  monitores  the  various 
safety  parameters.  To  increase  the 
efficiency  of  this  supervision,  AMD-BA 
have  developed,  since  1968,  a  real¬ 
time  acquisition  technique  through 
telemetry. 

In  the  beginning  focused  on  conven¬ 
tional  monitoring  of  risky  flights  : 

.  Flight  envelope,  flutter,  structural 
loads,  handling  qualities, 

,  High  AoA,  spin  tests, 

.  Engine  testing 

this  technique  has  been,  progressively, 
extended  to  all  flights  of  our  aircrafts 
and  to  the  monitoring  of  all  circuits 
and  systems. 


3.1.2  -  Principles  (Figure  3.1.1) 


Le  premier  soucl  des  essals  en  vol  dolt 
etre  la  s4curit£.  Elle  est  d'abnrd 
obtenue  par  un  certain  rnrabre  de 
precautions  : 

.  La  constitution  d'une  equlpe  d 'essals 
bien  soudee  avec  un  lng£nleur  qul  dolt 
bien  connaltre  son  avion  pour  aider  le 
pilote  dans  la  condulte  de  l'essal. 

.  La  parfalte  connalssance  des  llmites 
et  des  risques  pcuvant  etre  encourus. 

Les  equipages  d* essals  ont  paye  un  iourd 
tribut  aux  progres  techniques  des 
avions,  meme  en  prenant  toutes  les 
precautions  n6cessaireB.  Une  s6curit6 
conslste  k  ne  mettre  k  bord  que  le 
personnel  necessaire  a  la  mission  en  se 
souvenant  que  les  accidents  arrivent 
souvent  dans  des  essals  qul  n'etalent 
pas  jug£s  critiques  au  depart. 

.  Les  programmes  d 'essals  doivent  etre 
prepares  soigneusement .  Le  pilote  bien 
informe  slgne  son  ordre  d' essals  et 
prend  alors  la  responsabillte  du  vol, 
l'ingenieur  apportant  son  aide  en 
surveillant  les  differents  parametres 
de  s6curite. 

.  Pour  augmenter  l'efficacite  de  ce 
contrSle  les  AMD-BA  ont  developpe 
depuis  1968  une  technique  d 'acquisi¬ 
tion  temps  reel  par  telemesure.  Au 
debut,  centree  sur  des  surveillances 
classiques  pour  des  vols  k  risques  : 

.  Domaines  de  vol,  flutter,  efforts, 
qualites  de  vol, 

.  Essals  de  grandes  incidences,  vrilles, 

.  Essals  moteurs. 

elle  a  et6  progresslvement  etendue  a 
tous  les  vols  de  nos  avions  et  a  la 
surveillance  de  tous  les  circuits. 


3.1.2  -  Principes  (p]anche  3.1.1) 


The  data  collected  aboard  are 
multiplexed.  A  first  data  frame  is 
composed  through  measurements  in  small 
passband ,  less  than  20  Hz.  These 
measurements  are  not  only  conventional 
analog  information  but,  to  an  ever- 
-increasing  extent,  digital  data  that 
are  circulating  on  asynchronous  buses 
and  consequently  at  their  proper  rate. 
Multiplexing  is  performed  through  a 
digital  PCM  serial  message  (Pulse  Coded 
Modulation) . 

A  second  data  frame  is  constituted 
through  measurements  in  intermediate 
pass-band,  below  200  Hz.  In  particular, 
these  are  measurements  of  vibrations, 
accelerometers  structural  loads  sensors 
...  Analog  multiplexing  is  used  to  this 
end. 


Les  donnees  acquises  a  bord  sont 
raultiplexees .  On  premier  message  est 
constitue  par  des  mesures  k  faible  bande 
paasante,  inferieure  a  20  Hz.  Ces 
mesures  sont  non  seulement  des  informa¬ 
tions  analogiques  classiques  mats  de 
plus  en  plus  des  informations  num£riques 
qui  circulent  sur  de9  Bus  asynchrones 
et  qui  ont  done  leur  rythme  propre.  Le 
multiplexage  est  effectu4  par  un  message 
numerique  serie  (PCM) . 

Un  deuxi^me  message  est  constitue  par 
des  mesures  k  bande  passante  intermS- 
diaire,  inferieure  k  200  Hz.  On  trouve 
en  particulier  les  mesures  vibratoires, 
accelerom^tres ,  efforts...  Le  multi¬ 
plexage  est  effectu^  en  analogique. 


/,  Ai 
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A  third  mesjage  covers  pilot's  voice 
transmission. 


Un  trolsidrae  message  est  constitu4  par 
la  phonle  pllote. 


These  three  data  frames  are  multiplexed 
again  to  be  telemetered  to  the  ground. 
For  safety  reasons,  to  provide  for  range 
losses,  they  are  also  recorded  aboard  on 
the  analog  magnetic  tape  recorder,  which 
is  moreover  used  for  additional  digital 
or  analog  recordings,  especially  in 
large  pass-bands,  in  general  smaller 
than  2,500  Hz.  A  ground  Telemetry 
Reception  Center  (implemented  by  the 
French  Official  Flight  Test  Center) 
collects  the  telemetered  data  and 
transmits  the  complete  multiplex  to 
AMD-BA.  Back-up  antennas  are  also 
installed  in  our  Ground  Station. 

The  three  messages  are  separated  : 

.  During  the  test  phases  dedicated 

to"vib rations”,  the  different  signals 
of  the  "vibrations"  multiplex  are 
separated  : 

1)  they  are  transmitted  to  the  Flight 
Control  Room  and  to  the  specific 
"flutter"  processing  room  for  quick 
display  versus  time  on  analog 
plotters  and  in  form  of  spectra  for 
two  signals  via  an  analog  rea'-time 
analysor , 

2)  they  are  filtred  and  converted  into 
digital  units  for  further  processing 
by  a  computer  which  carries  out  the 
spectral  analyses  of  all  signals 
(15),  with  results  upon  completion 
of  excitation,  and  also  performs  a 
modal  analysis,  providing  the 
frequencies  and  dampings  of  all 
strutural  modes  the  results  being 
available  within  only  10  to  15 
seconds  after  the  test. 

.  The  different  words  of  the  PCM  message 
are  dissociated  by  synchronizers  : 


1)  they  are  transmitted  to  the  Flight 
Control  Room  via  a  decommutator 
enabling  simple  analog  displays  in 
analog  output  format  and  digital 
words  (presentation  of  event 
signals)  and  in  the  form  of 
bar-graphs  for  all  parameters  ;  32 
can  be  converted  into  engineering 
units  using  a  first-order 
calibration  : 

ax  +  b  or  a  +  b 
x 

2)  they  are  sent  to  the  computer  on 

line.  This  computer  takes  into 
account  all  the  data  transmitted, 
i.e.  currently  8,000  words/second 
(but  with  a  capability  of 
16, 000). They  are  converted  into 
engineering  units  through 

polynominal  calibrations  or  in 
segmented  form. 

Various  treatments  can  be  applied  : 

.  Systematic  computations  throughout 
the  flight  of  parameters  of 
general  interest.  Examples  : 
Corrected  altitude,  speed  and  Mach 
number,  weight  and  center  of 
gravity  location,  lift  coeffi¬ 
cient,  true  AoA, 


Ces  trois  messages  sont  de  nouveau 
multiplexes  pour  etre  transmis  au  sol 
par  t414meaure. 

Par  security  en  cas  de  pertes  de  portee, 
ils  sont  4galement  enreglstr4s  &  bord 
sur  enregistreur  magn4tique  analogique 
qui  est  utilise  pour  d'autres  enregis- 
treraents  numeriques  ou  analogiques  d 
grande  bande  paseante  en  general 
inflrieure  a  2.500  Hz. 

La  reception  est  effectuee  au  sol  dans 
un  centre  de  reception  (mis  en  oeuvre 
par  le  CEV)  qui  nous  transmet  le 
multiplex  complet.  Des  antennes  de 
secours  sont  installees  sur  notre  centre 
d 'exploitation. 

Les  trois  messages  sont  separes  : 

.  Dans  les  phases  d'essals  de  vibrations 
les  differents  signaux  du  multiplex 
vibrations  sont  separes  : 

1)  transmis  en  salle  d'dcoute  et  en 
salle  dedicacee  aux  essais  flutter 
pour  des  visualisations  rapides 
fonction  du  temps  sur  traceurs 
analogiques  et  sous  forme  de 
spectres  pour  deux  signaux  par  un 
analyseur  analogique  temps  reel. 

2)  filtres  et  convertis  en  digital  pour 
etre  traites  par  un  ordinateur  qui 
effectue  les  analyses  spectrales  de 
tous  les  signaux  (15),  rdsultats 
obtenus  juste  d  la  fin  de  l'excl- 
tation  et  une  analyse  modale 
fournissant  les  frequences  et 
amorti8sementB  de  tous  les  modes 
structuraux  en  10  d  15  secondes 
aprds  l'essai. 

.  Les  differents  mots  du  message  PCM 
sont  dlssocles  par  des  synchronisa- 
teurs  : 

1)  transmis  en  salle  d'ecoute  par  un 

decommutateur  qui  assure  des  visua¬ 
lisations  simples  sous  forme  de 
sorties  analogiques  et  mots  digitaux 
(presentation  de  tops)  et  sous  forme 
de  bargraphs  pour  tous  les 
parametres  ;  32  peuvent  etre 

convertis  en  grandeur  physique  a 
l'aide  d'un  4talonnage  du  ler  ordre 
ax  +  b  ou  a  +  b 

x 

2)  transmis  d  l'ordinateur  temps  reel. 
Cet  ordinateur  prend  en  corapte 
toutes  les  informations  transmises 
soit  actuellement  8.000  mots/s  (avec 
une  possibility  de  16.000).  Elies 
sont  traduites  en  grandeur  physique 
par  de  \  etalonnages  polynomiaux  ou 
soue  forme  segment4e. 

Differents  traitements  peuvent  etre 
effectu4s  : 

.  Calculs  systematiques  pendant  tout 
le  vol  de  grandeurs  d'intdret 
general,  exemplea  : 

Altitude,  vitesse  et  Mach  corrig4s 
Masse  et  cent rage ,  CZ,  incidence 
vraie  . . . 
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.  Computations  adapted  to  the  test 
under  progress. 

All  the  collected  and  calculated 
data  are  stored  on  magnetic  tape 
throughout  the  flight.  They  are  also 
accessible  in  the  Flight  Control 
Room  on  graphics  and  alpha-numerical 
displays.  The  aim  of  these 
visualizations  is  to  enable  the 
Flight  Test  Team  to  react  "on  the 
spur  of  the  moment"  :  great 
conviviality  of  data  display 
arrangements  tailored  to  test 
progress,  all  controls  being  housed 
in  the  Flight  Control  Room. 

To  improve  the  response  times  of  the 
FTT,  the  computer  monitors  the 
limits  and  transmits  three 
evert-signal  words  of  16  bits.  Each 
of  these  bits  may  assemble  several 
items  of  information  of  the  same 
type.  Artificial  intelligence 
modules  are  also  capable  of  failure 
diagnostics. 

The  team  has  at  its  disposal  three 
graphics  display  terminals  with 
hard-copy  capability,  two  A/N 
terminals  and  one  graphics  console 
enabling  to  reconstitute  the 
operation  of  the  aircraft  circuits 
or  its  navigation. 

Listings  on  printers  and  traces  are 
available  at  the  end  of  a  flight  for 
the  debriefing. 

To  carry  out  all  these  functions,  it 
is  necessary  to  resort  to  a 
top-class  computer  with  "real  time" 
capability,  the  CPU  used  is  the 
GOULD  SEL  32.97.50. 

The  pilot's  voice  link  is  also 
transmitted  to  the  Flight  Control 
Room.  A  precious  help,  in  particular 
for  the  weapon  systems  tests.  Is  the 
transmission  of  video  signals 
through  a  separate  telemetry 
transmitter,  enabling  to  visualize 
the  pilot' 8  Head-Up  Display  or  the 
Head-Level  and  Head -Down  CRT's. 


3.1.3  -  Gains  yielded  in  Test  Efficiency 


Thanks  to  our  facilities,  we  were  in  a 
position  to  prevent  at  least  two  mishaps 
which  is  another  proof  -  should  this 
still  be  necessary  -  for  the  cogency  of 
the  safety  aspect,  and  the  rentability 
of  the  investment  consented. 

This  technique  still  holds  other 
advantges  : 

Pilot's  Assistance 

Flight  preparation  has  to  be  very 
meticulous  and  must  be  optimized. 
Real-time  display  of  the  results  makes 
It  possible  to  check  the  quality  of  the 
tests,  to  help  the  pilot  in  conducting 
them,  thus  enabling  to  increase  test 
density.  Consequently,  in-flight  time  Is 
decreased. 


.  Calculs  adaptea  A  1’essal  en 
cours. 

Toutes  les  dorm4es  acqutaes  et 
calculees  sont  stockees  sur  bande 
magnet ique  pendant  tout  le  vol. 
Elies  sont  egalement  accesslbles  en 
salle  d'4coute  sur  des  4crans 
graphlques  et  alphanumeriques .  Le 
loglclel  d'accAs  A  ces  visualisa¬ 
tions  est  realist  pour  permettre  une 
reaction  raplde  de  l'Aquipe 
d'essais  : 

grande  conviviality  pour  les  modifi¬ 
cations  de  presentation  suivant  le 
dArouleraent  des  essals,  toutes  les 
commandes  At  ant  en  salle  d'ecoute. 

Pour  amAHorer  le  temps  de  rAponse 
de  l'Aquipe,  l'ordlnateur  effectue 
des  surveillances  de  Unites  et 
transmet  trots  mots  tops  de  16  bits. 
Chacun  de  ces  bits  pouvant  regrouper 
plusleur8  Informations  de  meme  type. 
Des  modules  d 'Intelligence  artlfl- 
clelle  peuvent  Agalement  effectuer 
des  diagnostics  de  pannes. 

L'Aquipe  dispose  de  trols  consoles 
graphlques  avec  coplage,  deux 
consoles  alphanumArlques  et  une 
console  graphlque  permettant  de 
reconstituer  le  fonctionnement  des 
circuits  de  1* avion  ou  sa 
navigation. 

Des  listages  sur  imprlmantes  et 
tracAs  sont  disponlbles  A  la  fin  du 
vol  pour  le  debriefing. 

Pour  reallser  toutes  ces  fonctlons, 
il  est  nAcessaire  de  disposer  d'un 
ordlnateur  "temps  reel"  haut  de 
gamme,  le  type  utlllsA  est  le  GOULD 
SEL  32.97.50. 

3)  La  phonie  pilote  est  egalement 

transmise  en  salle  d'Acoute.  Une 
aide  importante,  en  particulier  pour 
les  essals  de  systAme  d'armes,  est 
rAalisAe  par  la  transmission  de 
slgnaux  vldAo  par  un  emetteur  de 
telemesure  sAparA,  ce  qui  permet  de 
visuallser  la  tete  haute  pilote  ou 
les  autres  visualisations  tetea 
moyennes  ou  basses. 


3.1.3  -  Gains  apportAs  sur  1'efficacitA  des 


essals 


Nos  installations  nous  ont  permls 
d'Avlter  au  molns  deux  accidents  ce  qul 
-  8 1  cela  Atait  nAcessaire  -  peraettralt 
de  dAmontrer  1’ aspect  sAcuritA  et  la 
rentabillt4  de  1' Inveatlssement  consentl 

Cette  technique  a  4galeoent  d' autres 
avantages  : 

Assistance  au  pilote 

La  prAparatlon  du  vol  doit  etre  trAa 
solgn4e  et  optlmls4e.  La  pr4sentatlon 
des  r4sultats  en  temps  r4el  permet  de 
controler  la  quality  des  essals,  alder 
le  pilote  dans  sa  condulte  des  essals 
qul  peuvent  etre  plus  denaea.  On  diminue 
les  heures  de  vol. 
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Reduction  of  Processing  Tine 

The  fact  to  "table”  the  important 
reBulta  at  the  end  of  a  flight  substan¬ 
tially  increases  the  effectiveness  of 
the  debriefing  with  the  pilote  and 
enables  to  prepare  the  next  flight 
immediately.  Typical  examples  are  spin 
and  flutter  tests.  Thanks  to  on-line 
monitoring,  it  has  become  possible  to 
Increase  the  number  of  spin  tests  per 
flight  and  to  concatenate  flights.  It  is 
also  feasible  to  carry  out  tvo  envelope 
extension  flights  daily,  since  the 
results  can  be  analysed  upon  touch-down. 

Permanent  Monitoring  of  the  Aircraft  anW 
— T-CsC_  Installation  throughout  the 


the  possibility  to  access  all  data  in 
the  Flight  Control  Room  generally  allows 
to  explain  all  failures.  Under  these 
conditions,  the  ground  engineering  team 
can  start  work  effectively  on  arrival  of 
the  aircraft  in  the  hangar.  The  same 
applies  for  the  test  installation. 

Active  djwntlme  between  flights  Is 
reduced  snd ,  as  a  consequence ,  the  rate 
of  flight  la  Increased  and  development 
on  the  whole  Is  accelerated. 


Diminution  des  temps  d'exploltatlon 

Le  fait  d' avoir  tous  lea  rfsultats 
lmportants  4  la  fin  du  vol  rend  le 
debriefing  avec  le  pilote  plua  efflcace 
et  pernec  de  prAparer  lMAdlatement  la 
vol  sulvant .  Lea  examples  types  aont  les 
vrlllea  et  les  esssls  de  flutter.  Avec 
le  temps  rdel  on  a  pu  augmenter  le 
nombre  d’essals  de  vrllles  par  vol  et 
enchainer  les  vols. 

On  peut  egalement  effectuer  facllement 
deux  vole  de  domalne  par  Jour  puiBque 
lee  rlaultats  peuvent  etre  analysis  dis 
la  fin  du  voi. 

ContrSle  permanent  de  I'avlon  et  de  son 
Installation  de  mesure  pendant  le  vol 

h’accds  possible  4  toutes  les  donnies 
dans  la  salle  d'Acoute  permet  en  general 
d  expllquer  toutes  les  pannes.  Dans  ces 
conditions,  le  travail  de  l'equlpe  de 
piste  peut  etre  entreprls  efflcacement 
des  1  arrlvie  de  I'avlon  dans  le  hangar. 
II  en  eat  de  meme  pour  1 ' Installation  de 
mesure  elle-tneme. 

L ' indisponibllite  entre  les  vols  est 
dimltmee  ce  qui  augmente  la  cadence  et 
acc£l£re  la  mise  au  point  g^n^rale. 


Integration  of  the  Flight  Test  Team  and 
Equipment  Manufacturers  tJJ  the  PHohr 

Follow-Up  ~  — 


The  team  following  on  line  the  flight  in 
progress  has  a  better  understanding  of 
the  targeted  goals,  and  the  critical 
points  which  will  be  analyzed  in  depth 
off  line.  The  pilot’s  debriefing  is 
facilitated  and  complementary  processing 
Jobs  can  be  undertaken  at  once. 

3.1.4  -  Realization 


Integration  de  l’6qulpe  d'essals  et  den 
equlpementlers  au  aulvl  du  vol  - - 


•  ;  *  -  —  Lomprena 

mieux  lea  buts,  les  points  critiques  qui 
feront  1  objet  des  exploitations  en 
temps  diffM.  Le  debriefing  pilote  est 
facilite  et  les  exploitations  complemen- 

WdLtemrnr^ 


3.1.4  -  Realisation 


Figure  3.1.2  gives  the  block  diagram  of 
real-time  acquisition  in  AMD-BA. 


La  planche  3.1.2  donne  le  synoptlque 
1  acquisition  temps  r£el 


Two  Air  Bases  are  equipped  with  on  line 
facilities  t - 

.  ISTRES  :  Main  development  Center, 

•  CAZAPX  :  Armament  and  external  stores 
delivery  testing. 

1976  t0  1988  •  more  than  200 
different  aircraft  have  been  developed. 
They  belong  to  about  15  different 
families  : 

.  MIRAGE  III  &  5 
.  MIRAGE  IV 
.  JAGUAR 
.  ALPHA-JET 
.  SUPER-ETENDARD 
.  MIRAGE  2000 
.  MIRAGE  4000 

.  ATLANTIQUE  ATL  2  and  refurbished 
.  ATLANTIC 
.  RAFALE 

.  The  large  dynasty  of  MYSTERE  FALCON 
comprising  •  FALCON  20,  10,  100 

200,  50,  900.  GUARDIAN  and  GARDIAN.  ’ 


D_eux  bases  sont  4quip4es  : 

ISTRES 

centre  principal  pour  la  mise  au  point, 
CAZAl 

pour  .  m  e  a.:ts  armement  et  separation 
de  cha- 


~  “>■*  PUAlIl  .  118 

appartiennent  4  environ  15  families 
dlff^rentes  : 


.  MIRAGE  III  et  5, 

.  MIRAGE  JV, 

.  JAGUAR, 

.  ALPHA-JET, 

.  SUPER-ETENDARD, 

.  MIRAGE  “.000, 

.  MIRAGE  4000, 

.  ATLANTIQUE  ATL2  et  ATLANTIC  r6nov4a. 

.  RAFALE 

.  Toute  la  famille  des  MYSTERE-FALCON 
20,  10,  100,  200,  50,  90,  US  GUARDIAN 
«t  GARDIAN. 


In  addition  to  these  different  types  of 
aircraft,  the  number  of  aircraft  under 
teat  ia  attributable  to  airframe  renova¬ 
tions,  and  particularly  to  the  large 
variety  of  distinctive  weapon  systems. 


En  dehors 
diffdrenta 
8e  juatifie 
et  aurtout 
different*. 


de  ces  types  d’avions 
le  nombre  d'avlons  en  esssls 
par  des  renovations  cellules 
par  des  syst4me*  d' antes 


Jk 
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The  multi-role  MIRAGE  2000  aircraft 
family  comprises  14  different  versions, 
distinguishing  by  : 

.  the  engine  (2)  SNECMA  M  53-5  and  M  53 
P2 

.  the  radar  (4)  THOMSON-CSF  RDM,  RDI , 

RDY  and  ANTILOPE  manufactured  by 
ELECTRONIQUE  Serge  DASSAULT. 

.  the  weapon  systems  :  French  versions  : 
2000  DA  and  2000  N  Export  versions. 

For  these  variants,  600  external  stores 
configurations  have  been  validated.  To 
perform  these  tests  at  a  rate  that  may 
reach  15  flights  dally,  the  following 
means  are  available  t 

.  3  control  Rooms  for  real-time 
follow-up  at  ISTRES, 

.  1  real-time  Control  Room  at  CAZAUX, 

.  2  mobile  ground  stations,  one  fully 
equipped  for  on-line  operation,  with 
computer,  for  tests  abroad. 

Figures  3.1.3  roughly  outlines  the 
computer  network  in  the  main  AMD-BA 
Center  at  ISTRES. 

In  addition  to  the  GOULD  32-97  real-time 
acquisition  CPU,  ISTRES  accommodates  : 

.  1  GOULD  32-87  for  off-line  processing 
and  develpment  of  software  programs, 

.  1  IBM  4341  computer  for  local 

processing  tasks,  with  simplified 
Design  Office  programs, 

.  1  IBM  4381  computer  for  general 
management  and  creation  of  definition 
drawings  of  measurement  Installations, 
using  CATIA  CAD  -  CAM  programs. 


Pour  la  famille  MIRAGE  2000,  avion 
polyvalent,  il  y  a  N  versions 
differentes  compte  tenu  : 

.  du  moteur  (2)  SNECMA  M  53-5  et  M  53  P2 
.  du  radar  (4)  THOMSON-CSF  RDM,  RDI,  RDY 
et  ESD  ANTILOPE. 

des  syst£mes  d'armes  :  frangais  2000  DA 
et  2000  N  et  versions  "export". 

Pour  ces  differentes  versions  600 
configurations  de  charges  cxterleures 
ont  ete  validees.  Pour  effectuer  ces 
essals  a  une  cadence  pouvant  atteindre 
15  vols  par  jour  les  moyens  sont  lea 
sulvants  : 

.  3  salles  d'4coute  temps  r£el  a  ISTRES, 

.  1  salle  d'6coute  temps  reel  d  CAZAUX, 

.  2  stations  mobiles  dont  une  temps  r4el 
avec  ordinateur  pour  des  essals  h 
l'etranger.  La  planche  3.1.3  donne  la 
configuration  informatlque  du  centre 
principal  d' ISTRES. 

En  plus  des  ordinateurs  GOULD  32-97 
d* acquisition  temps  r£el  on  trouve  : 

.  1  ordinateur  GOULD  32-97  pour  des 
exploitations  en  temps  dlffere  et  les 
mises  au  point  de  programmes. 

.  1  ordinateur  IBM  4341  permet  d'effec- 
tuer  des  exploitations  locales  avec 
des  programmes  simplifies  du  Bureau 
d* Etude . 

.  1  ordinateur  IBM  4381  pour  la  gestion 
gene rale  et  les  dessins  definition  des 
installations  de  mesure  sur  programme 
CATIA. 


3.1.1 


GENERAL  BLOCK  DIAGRAM 
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3.2  -  Alrfraae  Testa,  Model  Technique 

Conventional  processing  methods  of  perfor¬ 
mance,  handling  qualities,  structural 
stresses  and  strains  coi.sist  in  collecting 
in-flight  data  and  in  processing  them  : 

.  retranscription  into  standard  conditions 
at  given  weight  and  C.G.  location, 

.  computation  of  aerodynamic  coefficients, 

.  computation  of  aerodynamical  loads. 

To  obtain  sufficiently  accurate  results,  it 
is  mandatory  to  account  for  numerous  flight 
parameters,  for  instance  the  Reynold's 
number,  local  air-inlet  and  profile  drag 
variations  as  a  function  of  engine 
conditions. . . 

Interesting  for  performance  m  ^surements  are 
flight  manoeuvres  at  high  incidence  where 
the  flight  parameters  may  evolve  very 
quickly. 

Aircraft  can  no  longer  be  considered  as 
rigid  structures,  notions  of  aero-elasticity 
must  be  taken  into  consideration  as  well  as 
the  position  of  numerous  control  surfaces, 
which  also  depend  on  the  flight  conditions 
and  the  center  of  gravity  location. 

To  determine  the  different  coefficients  it 
would  be  necessary  to  solve  a  great  number 
of  equations.  Since  1960,  we  have  been 
developing  a  methode  called  "model 
technique",  the  use  of  which  is  presently 
generalized  for  a  large  variety  of 
applications. 


3.2.1  -  Principle 


The  principle  is  outlined  on  Fig.  3.2.1. 
The  various  parameters  are  collected  as 
usual,  but  they  are  kept  unchanged, 
except  for  corrections  of  calibrations 
and  elementary  computations,  such  as  the 
mean  efficiency  of  air  intakes.  These 
data  are  transmitted  to  the  Design 
Office  computer  where  is  stored  a 
mathematical  aircraft  model  for 
performances,  handling  qualities, 
structural  loads,  ...  Flight  conditions 
and  aircraft  Inputs  (control  surfaces 
deflections)  logged  in  flight  are 
entered  into  the  computer,  and  model 
response  is  then  compared  to  the  actual 
aircraft  response. 

If  they  diverge,  the  model  coefficients 
are  modified  automatically  in  order  to 
minimize  these  differences  and,  through 
deduction,  a  new  set  of  coefficients  is 
established.  Test  points  are  then 
selected  to  account  for  important 
external  Influences  : 

.  Altitude, 

.  Speed, 

.  Mach  number, 

.  Dynamic  pressure, 

.  Angle  of  attack. 


3.2  -  Esaals  cellule  technique  du  modele 

Les  m4thodea  classlques  d ' exploitation  des 
performances,  quallt4s  de  vol,  efforts  et 
contraintefl  de  structure  consistent  k  falre 
1 'acquisition  des  donndes  de  vol  et  de  les 
tralter  : 

.  retranscription  en  conditions  standard  k 
masse  et  centrage  donnas, 

.  calcul  de  coefficients  a4rodynamiques , 

.  calcul  des  efforts  a4rodynaraiquee. 

Pour  avoir  dee  r4sultats  sufflsamment  fins, 
11  est  n4cessalre  de  tenlr  compte  de 
nombreux  param&tres  de  vol  comae  par  exemple 
le  nombre  de  Reynold,  des  variations  de 
trainees  locales  d'entr4e  d'air  et  culot  en 
fonctlon  des  conditions  moteur  ... 

Les  performances  int4ressantes  sont  les 
evolutions  k  grande  Incidence  ou  les 
param4tres  de  vol  peuvent  4voluer 
rapldement . 

Les  avions  ne  peuvent  plus  etre  consid4r4s 
comme  des  structures  rlgldes,  il  faut  falre 
intervenir  1 ’a4ro-6lasticit4  et  des 
positions  de  nombreuses  gouvemes  qul 
dependent  4galement  des  conditions  de  vol  et 
du  centrape. 

L'obtention  des  diff4rents  coefficients 
demanderait  la  r4solution  d'un  grand  nombre 
d 'equations.  Depuis  1960,  nous  avons 
d4veloppe  une  technique  dite  du  modele, 
cette  technique  eat  maintenant  gen4ralis6e  i 
beaucoup  de  sujets. 

3.2.1  -  Principe 


Le  principe  est  donn4  en  planche  3.2.1. 

On  effectue  4galement  1 'acquisition  des 
dlfferents  parametres  mais  qul  sont 
conserves  en  leur  etat  mis  a  part  des 
corrections  d' 4talonnages  et  des  calculs 
el4mentaires  comme  un  rendement  moyen 
d'entree  d'air. 

Ces  informations  sont  transmises  k 
l'ordinateur  du  Bureau  d' Etude  ou  se 
trouve  un  modele  math4matique  de 
1' avion . 

On  entre  les  conditions  de  vol  et  les 
ordres  avion  (positions  de  gouvemes) 
enregistr6s  en  vol  et  on  compare  la 
reponse  du  module  avec  la  reponse  avion. 

En  cas  d'ecart,  on  modifie  automatlque- 
ment  les  coefficients  du  module  de  fagon 
a  minimiser  ces  4carts  et  on  en  dedult 
un  jeu  de  nouveaux  coefficients.  Si  l'on 
841ectionne  des  points  d'essals  pour 
tenir  compte  des  Influences  exterleures 
Importances  : 

.  Altitude, 

.  Vitesse, 

.  Mach, 

.  Pression  dynamlque, 

.  Incidence, 
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In  this  way  it  is  possible  to  update  the 
model  chat  now  allows  to  output  the  new 
performances  and  limitations  within  the 
vtoole  flight  envelope  and,  moreover,  to 
check  all  possible  pilot’s  inputs,  as 
well  as  the  C.G.  configurations. 

Vhen  the  aircraft  is  fitted  with  an 
electric  flight  control  system,  it  is 
possible  to  "inject"  minutely  chosen 
and  calibrated  orders  directly  into  the 
servo-actuators,  so-called  "stimili"  - 
without  any  intervention  of  the  pilot. 
This  signal  is  optimized  by  the 
computer,  whose  processing  is  adjusted 
to  the  coefficients  to  be  determined. 


on  obtient  un  module  recall  qui  permet- 
tra  de  donner  dc  nouvellea  performances 
et  limitations  dans  tout  le  domalne  de 
vol  et  avec  un  contrSle  de  toutes  lea 
entries  possibles  du  pilots  et  les 
configurations  de  centrege. 

Lorsque  1’ avion  est  Iquipl  de  coivandes 
de  vol  llectriquee,  il  eat  possible 
d'injecter  des  ordres  bien  sllectionnls 
et  calibrl8,  dlrectement  en  ordres 
aervocommandea  sans  1*  intervention  du 
pilote,  appells  etimuli.  Ce  signal  eat 
optlmlal  par  l’ordlnateur  d’ exploitation 
sulvant  les  coefficients  recherchls. 


3.2.2  -  Advantages 


This  method  is  a  reliable  means  to 
obtain  more  refined  and  more 
comprehensive  results  since  the  complete 
pass  band  of  Interest  is  scanned.  It 
enables  to  carry  out  very  quick  flight 
manoeuvres  of  the  type  performed  in  air 
combat.  An  example  of  processing  is 
given  on  figures  3.2.2  and  3.2.3  for 
handling  qualities.  Figure  3.2.2 
compares  the  flight  and  the  original 
model  (roll  and  sideslip)  and  figure 
3.2.3.  shows  the  final  result,  after 
updating  of  the  model. 

This  technique  permits  to  reduce  the 
number  of  test  points  and,  consequently, 
the  number  of  flights. 

Moreover,  it  is  possible  to  process  the 
same  "stimuli"  in  several  different 
ways. 

A  first  signal  in  the  maximum  band  width 
possible  through  the  servo-actuators 
enables  to  check  the  frequences  and 
structural  dampings  for  flutter 
prevention.  It  can  also  be  used  for  fine 
tuning  of  the  electric  flight  control 
system  : 

.  determination  of  aircraft  response  for 
each  control  surface  deflection, 

.  computation  of  the  transfer  function 
of  aircraft  response  to  servo-actuator 
inputs  and  servo-actuator  response, 

.  it  is  thus  possible  to  obtain  gain 
margins  and  critical  frequences. 

A  low-frequency  type  signal  gives  access 
to  the  aerodynamical  coefficients 
(figures  3.2.2  and  3.2.3)  and  also  to 
the  structural  loads  measurements. 

Figure  3.2.4  exemplifies  2  wing  load 
measurements.  The  flight  is  represented 
by  +  and  the  model  Is  plotted  as  a 
continuous  line.  The  model  shown  has 
already  been  updated  with  regards  to  the 
aerodynamical  coefficients.  This  figure 
also  highlights  that  our  method  allows 
to  reduce  the  acquisition  rate.  It  la 
possible  to  validate  a  model  even  if  the 
measurement  is  slightly  scattered. 
Judged  by  the  deviations.  But,  if  it 
were  necessary  to  apply  derivational 
processing  on  the  measurement,  implying 
smoothing,  the  acquisition  rate  would 
have  to  be  Increased. 


3.2.2  -  Avantagea 


Cette  mlthode  permet  d’ avoir  des 
rlsultats  plus  affinls  et  plus  complets 
en  balayant  toute  la  bande  pasaante 
lntlresaante.  Elle  permet  d’effectuer 
des  Ivolutions  rapldes  du  type  combat. 

Nous  donnons  un  exemple  d' exploitation 
des  qualltls  de  vol  en  planches  3.2.2  et 
3.2.3.  Sur  la  planche  3.2.2  on  compare 
le  vol  et  le  modlle  orlglne  (roulis  et 
dlrapage)  et  sur  la  planche  3.2.3,  le 
rlaultat  final  aprls  recalage  du  modlle. 

Cette  mlthode  permet  de  rldulre  le 
nombre  de  points  d'essaia  done  de  vola. 

II  est  Igalement  possible,  avec  le  meme 
stimuli,  de  condulre  plusleurs  exploita¬ 
tions. 

Un  premier  signal  de  bande  passante 
maximum  possible  par  lee  servocosmtandes 
peTmet  de  controler  les  frlquences  et 
amortissements  Btructuraux  pour  la 
prlvention  du  flutter.  II  permet 
Igalement  d’etre  utilisl  pour  la  mise  au 
point  des  commandes  de  vol  llectrlque  : 

.  ditermination  de  la  rlponse  avion  au 
braquage  de  chaque  gouveme, 

.  calcul  de  la  fonction  de  transfert 
rlponse  avion  sur  les  ordres  servocom- 
mandes  et  rlponse  servoconaandes , 

.  on  obtient  alnsl  les  marges  de  gain  et 
les  frlquences  critiques. 

Un  type  de  signal  A  basse  frlquence 
permet  d'acclder  aux  coefficients 
alrodynamiques  (planches  3.2.2  et  3.2.3) 
male  Igalement  aux  mesures  de  structure. 

La  planche  3.2.4  reprlsente  deux  efforts 

H°Hlur**  VCl  *8C  rePr*8ent*  P**  lea 
"+"  et  le  modlle,  en  tracl  continu.  Le 
rnodlle  correspondent  eat  dljA  recall  du 
point  de  vue  coefficients  alrodynamiques 

Cette  planche  met  Igalement  en  Ivldence 
que  cette  mlthode  permet  de  dlmlnuer  la 
cadence  d 'acquisition.  II  eat  possible 
de  valider  un  modlle  meme  si  la  meaure 
est  un  peu  dispersle  en  Jugeant  lea 
Icarts ,  Par  contre,  a'il  fallait  fairs 
dea  traitements  aur  la  meaure  du  type 
dlrivation,  nlceaaitant  un  liasage,  il 
faudrait  augmenter  la  cadence. 
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The  model  technique  allows  to  decrease 
the  number  of  measurement  points.  Let  us 
take  as  example  the  structural  loads  : 
the  model  was  created  through 
computation  on  finite  elements.  With  the 
help  of  this  model,  significant 
measurement  points  are  selected  that 
permit  to  close  in  upon  in-flight  loads. 

On  the  RAFALE  demonstrator,  to  make  up 
for  the  lack  of  a  static  test  cell,  300 
gauges  were  bonded  onto  the  airframe  for 
a  ground  "proof  test"  with  a  0.8  charge, 
to  update  the  model.  200  among  these 
gauges  had  been  wired  to  be  "airworthy", 
but  the  flight  envelope  was  covered  with 
only  90  test  points.  The  others  were 
used  for  3  flights  dedicated  to  general 
structural  studies.  With  the  experience 
gained  through  the  development  of  the 
MIRAGE  2000,  MIRAGE  4000,  FALCON  900  and 
RAFALE  A  aircraft,  we  are  in  a  position 
to  demonstrate  that  it  is  possible  to 
success  fully  master  a  development  task 
with  a  data  flow  of  128  kbits/second,  to 
which  are  to  be  added  vibration 
measurements . 

RAFALE  A  exhibited  the  efficiency  of  the 
definition,  prediction  and  test 
techniques  adopted  by  Avions  Marcel 
DASSAULT-BREGUET  AVIATION  by  completing 
153  flights  in  a  single  year  (figure 
3.2.5). 


La  technique  du  module  permet  de 
dlmlnuer  le  nombre  de  points  de  mesure. 
Par  exemple  dans  le  cas  des  efforts  :  le 
module  a  4t£  cr£6  par  des  calculs  par 
elements  finis.  Avec  ce  module  on 
s£lectlonne  les  points  de  mesure 
slgnlflcatlfs  peraettant  de  remonter  aux 
charges  en  vol. 

Sur  RAFALE  A  -  qul  ne  dlsposalt  pas  de 
cellule  d'essals  statlques  -  11  a  £t£ 
colie  300  jauges  pour  un  essal  d'4preuve 
au  sol  k  charge  0,8  recalant  ce  modele  ; 
200  de  ces  Jauges  ont  €t£  cablees  bonnes 
de  vol  mals  le  donalne  de  vol  a  £te 
couvert  avec  90  mesurea.  Les  autres  ont 
£t£  utilisees  au  cours  de  3  vole 
specialises  pour  les  etudes  generales 
structure. 

Avec  1' experience  acqulse  sur  la  mlse  au 
point,  des  avions  MIRAGE  2000,  MIRAGE 
4000,  FALCON  900  et  RAFALE  A,  nous 
pouvons  d£montrer  qu'il  est  possible 
d'effectuer  une  mise  au  point  avec  un 
debit  d' information  de  128  Kblts/s 
auquel  11  faut  ajouter  les  mesures 
vlbratolres. 

RAFALE  A  a  d£montre  l’efficacite  des 
methodes  de  definition,  previsions  et 
essals  en  effectuant  en  une  annee  153 
vols  (planche  3.2.5). 


AVIONS  MARCEL  DASSAULT  -  BREGUET  AVIATION 

MODELLIZATION  TECHNIQUE 


STIMULI 
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RAFALE :  EXAMPLE  OF  AIRCRAFT  MODEL  AUTOMATIC  CORRECTION 
ORIGINAL  MODEL  RESPONSE  COMPARED 
TO  THE  FLIGHT  RESULT 


MACH  J  ALT  10  000  FT 


Fig.  3.2.2 


RAFALE  :  EXAMPLE  OF  AIRCRAFT  MODEL  AUTOMATIC  CORRECTION 
CORRECTED  MODEL  RESPONSE  COMPARED 
TO  THE  FLIGHT  RESULT 


,  a  i*  MACH  .0  ALT  10  000  FT 


ofm  V\ 


Fig.  3.2.3 


] 
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3.3  -  Systems  integration  -  stimulation  technique  “  Integration  de  systeme  l.a  stimulation 


The  development  cycle  of  a  system, 
schematized  on  Fig.  3.3.1,  Is  similar  to 
that  of  the  arlcraft  it-self. 

The  advent  of  equipment  with  digital 
outputs,  integrated  into  complex  systems 
with  computerized  management,  makes  the 
explosure  of  operational  malfunctions  and 
design  anomalies  more  difficult  and,  as  a 
result,  the  adoption  of  strict  development 
and  integration  rules  has  become  an  almost 
inevitable  must. 

The  equipment  must  have  undergone  beforehand 
stand-alone  tests  in  the  manufacturer's 
premises,  complemented,  if  judged  necessary, 
by  increasingly  generalized  tests  on  service 
aircraft . 

The  work  of  AMD-BA  begins  with  the  arrival 
of  the  equipment. 

The  newcomers  are  mounted  on  a  test  bench 
that  reproduces  as  accurately  as  feasible, 
the  aircraft  wirings.  The  test  bench  allows 
to  check  : 

.  the  electrical  connections, 

.  the  equipment  performance,  its  sensitivity 
to  electrical  ,>ower  generation, 

.  input/output  sensitivity  of  parameters 
visualized  on  pilot's  displays, 

.  the  failure  logics. 

These  conventional  tests  are  no  longer 
sufficient  for  the  new  integral  systems 
intralinked  through  bus.  Only  a  few  problems 
can  be  apprehended  in  this  way,  because  of 
equipment  interfaces  and  logics  inconsis¬ 
tencies  and  the  limited  number  of  sampling 
possibilities.  More  particularly,  the 
various  equipment  must  be  operated  with 
correlated  digital  Inputs. 

The  problems  linked  to  the  dvnamic  variable 
only  appear  during  in-flight  operation  : 
filtering,  extrapolation,  noise,  dynamic 
accuracy. 

In  this  case,  the  analysis  am:  the  solution 
of  problems  found  are  difficult  : 

.  Difficulty  to  record  the  right  parameters 
(or  the  key  parameter) .  The  means  on  board 
of  the  aircraft  are  limited. 

.  The  pilot  sometimes  fails  to  elucidate 
certain  malfunctions. 

.  It  is  necessary  to  carry  out  new  flights 
for  each  modification  and  it  is  difficult 
to  repeat  exactly  the  same  flight 
configuration. 

The  above  considerations  Incited  us  to 
imagine  a  new  integration  technique. 


Le  cycle  de  d^velopperaent  d'un  systeme 
presente  sur  le  planche  3.3.1  est  semblable 
a  celui  du  developpement  de  l'avion 
lu i-meme. 

L'arrivee  d* equipements  a  sorties  nuraertques 
integres  dans  des  systemes  complexes  aver 
gestion  par  calculateurs  rend  plus  difficile 
la  detection  d'anomalies  de  fonct ionnement 
ou  de  conception  et  rend  plus  Imperatlf 
l'adoptlon  de  regies  de  mise  au  point  et 
d' Integration. 

Les  equipements  doivent  avoir  effectue  au 
prealable  des  essais  individuels  chez  le 
fabricant  avec  suivant  le  ras,  et  de  fa^on 
de  plus  en  plus  generale,  des  essais  sur 
avion  de  servitude. 

Le  travail  des  AMD-BA  commence  a  leur 
reception . 

Us  sont  montes  sur  un  banc  qui  reproduit  au 
raieux  les  liaisons  avion.  Ce  banc  permet  de 
controler  : 

.  Ie6  liaisons  electriques, 

.  les  performances  de  1 'equlpement , 

.  sa  sensibilite  a  la  generation  electrique, 
.  la  sensibilite  des  sorties  de  parametres 
vers  les  visualisations  pilote, 

.  les  logiques  de  pannes. 

Ces  essais  classiques  sont  devenus 
insuffisants  avec  les  nouveaux  systemes 
integres  avec  liaisons  par  Bus. 

Seulement  quelques  problemes  peuvent  ecr* 
alnsl  apprehendes  du  fait  de  probl^me.-, 
d’ interfaces ,  d'Equipem  nts,  de  logiques, 
echantillonnages  limltes  en  notnbre.  II  faut 
en  particuller  falre  fonctiorner  les 
equipements  avec  des  entrees  digitales 
correlees . 

Les  problemes  lies  a  la  dynamique 
n '  jpparalssent  qu'en  vol  :  flltrage, 

extrapolation,  bruit,  precision  dynamique. 

Dans  ce  cas  l'analyse  et  la  solution  des 
problemes  rencontres  sont  difficile s 
difficult?  d 'enreglstrement  des  bor.s 
parametres  (ou  du  parametre  clef'l.  T.es 
raoyens  a  bord  sont  limit^s. 

Le  pilote  a  parfris  des  difficult^* 
d '  Interpretation  de  certalnes  anomalies.  II 
est  necessaire  de  refaire  de  nouveaux  vols 
pour  toutes  modifications  et  11  est 
difficile  de  repeter  la  meme  configuration 
de  vol. 

Ce  sont  ces  cons  iterations  qul  nous  ont 
conduit  &  lmaginer  une  nouvelle  technique 
d '  integration . 


3.3.1  -  Principles 


3.3.1  -  Principes 


The  block  diagram  of  a  standard-type 
system  is  plotted  on  Figure  3.3.2. 

The  aircraft  evolves  In  an  external 
environment  :  flight  conditions,  flight 
manoeuvres,  target,  threats,  terrain 
condition . 


Le  schema  d'un  systeme  type  est  donne  en 
planche  3.3.2. 

L'avion  se  trouve  dans  un  envlronnement 
extErieur  :  conditions  de  vol, 
Evolutions,  clhle,  menaces,  terrain. 
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The  system  is  composed  of  sensors 
restoring  this  environment  and  the 
status  of  the  internal  sub-systems. 

The  whole  data  stream  transits  towards 
computers  on  buses. 

The  results  of  the  computations  that  are 
adapted  to  the  functions  selected  by  the 
pilot,  are  sent  to  the  pilot’s  displays 
in  the  cockpit  and,  as  orders,  to  the 
weapons . 

The  method  developed  by  AHD-BA  is 
epitomized  on  Figure  3.3.3. 

The  actual  system's  components  are 
mounted  on  the  wiring  rig  -  it  is 
consequently  possible  to  carry  out  the 
customary  first  tests  specified  before. 

This  test  bench  can  be  stimulated 
through  a  computer  on  the  basis  of 
correlated  information  rendering  account 
of  the  external  environment  "seen"  by 
the  sensors.  These  information  are 
injected  into  the  test  bench  as  stand-in 
for  the  sensors  by  means  of  the 

stimulation  interface. 

The  data  may  proceed  from  different 

sources  : 

Since  these  tests  must  be  carried  out 
prior  to  the  system's  aircraft 
integration  capability  tests,  the  data 
may  originate  from  recordings  made  on 
another  aircraft  type,  from  a  simulation 
tape  or  may  be  a  short  simulation 

created  on  the  same  computer. 

In  the  following,  it  is  possible  to  play 
back  flight  phases  recorded  on  the 
fighter  aircraft  the  system  is  intended 
for.  In  this  way  it  is  possible  to 

create  "authentic"  play-backs  that  are 
reproducible. 

A  hurdle  to  clear  was  the  acquisition  of 
necessary  measurements  on  board  of  the 
aircraft.  In  1974,  the  magnetic  tape 
recorders  were  capable  of  only  2000 
words  per  second.  The  task  to  tackle  was 
to  merge  the  analog  data  and  the  digital 
information  collected  on  asynchronous 
buses . 

To  limit  the  acquisition  rate,  it  was 
mandatory  to  sort  the  data  on  the  bus 
and  to  limit  their  rate  to  that  of  the 
pass-band  of  the  parameter  and  not  to 
that  of  the  bus.  To  reconstitute  the 
proper  rate  on  the  test  bench, 
acquisition  had  to  meet  a  time  accuracy 
requirement  of  1  ms. 

The  solution  to  be  found  was  to  simplify 
acquisition  and  the  means  of  processing 
fading  to  the  "stimuli"  tape. 

These  retie -Lions  converged  i-i  the 
definition  of  the  "DANIEL"  acquisition 
system,  PCM  .  .tput  message,  in 

IRIG  •».  _  has  become  a  standard 

in  FT.J-.v'  *nown  as  PCM  DANIEL  standard. 


Le  systAme  est  constitul  de  capteurs 
rendant  compte  de  cet  environnement  et 
de  so  is  systAmes  internes. 

L' ensemble  des  donnles  translte  vers  dee* 
calculateurs  par  des  Bus.  Les  rlsultats 
de  calcul,  qul  sont  adapt As  £  des 
fonctlons  sAleetionnees  par  le  pilote, 
sont  envoyls  en  visualisation  pilote  et 
en  ordres  vers  les  armements. 

La  mAthode  dAveloppAe  par  AMD-BA  est 
donn4e  en  planche  3.3.3. 

Les  Aquipements  riels  du  systems  sont 
montes  sur  le  banc  de  cablage  qul  permet 
d'effectuer  les  premiers  essals 
class! ques  mentionnAs,  cl-dessus. 

Ce  banc  peut  etre  stimuli  par  un 
ordinateur  par  des  informations  corrA- 
lAee  rendant  compte  de  1 'environnement 
extArieur,  vu  par  les  capteurs.  Ces 
informations  sont  InjectAes  sur  le  banc 
A  la  place  des  capteurs  avec  la  meme 
forme  grace  A  1' Interface  de 
stimulation. 

Ces  informations  peuvent  provenir  de 
dlffArentes  sources  : 

.  ces  essals  devant  etre  effectuls  avant 
l'avlonnage  sur  l'avlon  d'armes,  elles 
peuvent  provenir  d 'enreglstrements  sur 
un  autre  type  d* avion,  de  bandes  de 
simulation  ou  d'une  petite  simulation 
rAallsAe  sur  le  meme  ordinateur. 

II  est  possible  ensulte  de  rejouer  des 
phases  de  vol  enregis tries  sur  l'avlon 
d'armes.  On  effectue  alnal  de  riels 
play-back  qui  peuvent  etre  reproduits. 

Un  problAme  a  AtA  l'acqulsltlon  des 
mesures  nAcessalres  A  bord.  En  1974,  les 
enreglstreurs  magnAtiques  Atalent 
limites  A  2000  mots  par  seconde.  II 
s'agissalt  de  mllanger  des  In foz mat ions 
analogiques  et  des  informations  numAri- 
ques  acquises  sur  des  Bus  asynchrones. 

Pour  limiter  la  cadence  d 'acquisition, 
11  a  AtA  nAcessalre  de  falre  des  trls 
sur  les  informations  Bus  et  de  limiter 
leurs  C8'1  ~..cea  A  cel  les  correspondent  A 
la  bande  passant e  du  paramAfe  et  non 
celles  du  Bus. 

Pour  reconstituer  la  bonne  cadence  au 
banc,  11  fallalt  que  cette  acquisition 
soit  effectives  avec  une  precision  en 
temps  de  1  ms. 

II  fallalt  enfln  slmpliiler  l'acquisl- 
tlon  et  les  traltements  qul  condulsent  A 
la  bande  de  stimuli. 

Ce  sont  ces  dlffArentes  consideration 
qul  nous  ont  conduits  A  la  definition  du 
systAme  d' acquisition  DANIEL  dont  le 
forma  du  message  PCM  de  sortie,  au 
standard  IRIG,  est  devenu  un  standard  en 
FRANCE  sous  la  denomination  de  PCM 
DANIEL. 
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The  exigencies  of  stimulation  were  the 
primary  incentives  of  our  choice,  in 
1974  already,  to  opt  for  SYSTEM 
ENGINEERING  SEL  85  computers  which,  in 
the  following,  were  replaced  by  GOULD 
SEL  32/75,  32/77  computers,  and 
presently  our  CPU’s  are  SEL  32/97. 

In  1974,  stimulation  was  based  on 
recordings  of  2000  words  of  information 
per  second.  Presently,  8000  words  per 
second  (128  Kbits/second)  are  recorded, 
including  roughly  thousand  useful 
parameters.  It  has  never  been  necessary 
to  log  the  totality  of  the  buses  in 
flight. 


3.3.2  -  Advantages  of  Stimulation 


The  assets  of  this  technique  can  be 
recapitulated  as  follows  : 

The  stimulable  test  bench  makes  it 
possible  to  study  dynamic  phenomena. 
Stimulation  is  a  tool  that  is 
Independent  of  the  aircraft  and  that  can 
intervene  effectively  ahead  of  the 
flight  phases.  It  thus  enables  to 
pinpoint  anomalies  of  equipment  or 
specifications  and  in  links  prior  to 
aircraft  integration.  Consequently,  it 
contributes  to  economize  flights. 

It  also  helps  (in  association  with  the 
OASIS  Center)  to  define  the 
specifications  of  systems,  from  the 
outset  of  the  flowchart  elaboration 
stage. 

It  is  a  processing  tool,  not  only 
allowing  a  better  comprehension  of 
problems  found  in  flight  and  fault 
diagnostics  (aircraft  or  system  origin) , 
but  also  assisting  in  solving  these 
problems  and  to  validate  modifications 
with  the  same  flight  profile. 

For  trouble  hunting,  since  a  given 
flight  phase  is  reproducible  at  will, 
stimulation  makes  it  easier  to  access 
parameters  of  interest  and  enables  to 
use  ground  means,  that  are  less  costly 
and  more  powerful  than  airborne 
installations.  Consequently  :  economy  of 
flights,  equipment  expenditures  and  data 
storage  space. 

The  same  flight  profile  used  for  normal 
modes  also  serves  for  the  evaluation  of 
back-up  and  emergency  modes. 

We  also  take  advantage  of  the 
stimulation  benches  to  Instruct  and 
train  the  test  teams  before  flights. 

Cost-saving  through  stimulation  is  very 
substantial  but  hard  to  quantify  -  in 
quintessence  it  is  enough  to  know  that 
without  this  tool  it  would  not  have  been 
possible  for  us  to  develop  the  great 
number  of  systems  we  put  on  board  of  our 
aircraft  and  to  offer  our  clients  a 
panoply  of  armements  adapted  to  their 
needs,  even  if  only  small  series  were 
ordered. 


Ce  sont  les  exigences  de  la  stlmulat  n 
qui  nous  ont  fait  choisir  d£s  1974  i 
ordinateura  System  Engineering  SEL  o5 
qui  ont  par  la  suite  4t4  remplacea  par 
des  GOULD  SEL  32/75,  32/77  et  maintenant 
32/97. 

La  stimulation  a  pu  etre  realisee  au 
depart  en  1974  avec  l'enregistrement  de 
2000  informations  par  seconde. 
Actuellement  l'enregistrement  a  4t4 
port4  a  8.000  mots/s  (128  Kbits/s) 
comprenant  une  centaine  de  paramctres 
utiles.  II  n’a  jamais  4te  necessaire 
d 'enregistrer  la  totalite  des  Bus  en 
vol . 

3.3.2  -  Avantages  de  la  stimulation 


En  r4sum4  les  avantages  apportes  par 
cette  technique  sont  l<*s  sulvants  : 

Le  banc  stimulable  permet  d'etudier  des 
phenomenes  dynamlques.  C’est  un  out  11 
lndependant  de  1' avion  et  qui  peut 
travalller  avant  les  phases  de  vol.  II 
permet  alnsl  de  detecter  des  anomalies 
d 'equipements  ou  de  specification  dans 
les  liaisons,  avant  l'avionnage.  Ceci  se 
tradult  par  une  economic  de  vols. 

II  est  egalement  d'une  aide  (avec  le 
centre  OASIS)  pour  definir  les 
specifications  de  systemes  des  la 
premiere  phase  de  1 'organigramme . 

C'est  un  out 11  d' exploitation.  II  permet 
de  mieux  comprendre  les  problemes 
rencontres  en  vol  et  d'en  determiner 
leur  origine  (probleme  avion  ou  probleme 
systeme,  de  resoudre  ces  problemes  et  de 
valider  la  modification  avec  le  meme 
profil  de  vol. 

Pour  cette  recherche,  la  phase  de  vol 
etant  reproductible  £  volonte,  it  est 
plus  aise  qu'en  vol  d' avoir  acces  aux 
paramdtres  interessants  et  d'utiliser 
des  moyens  sol  moins  couteux  et  plus 
pulssant8.  Economic  de  vol,  de  cout 
d' equipements  et  de  stockage  de  donnees. 

Les  modes  secours  sont  4valu4s  avec  le 
meme  vol  que  les  modes  normaux. 

Les  bancs  sont  4galement  utilises  pour 
la  formation  des  4qulpes  d'essais  avant 
les  vols. 

Les  Economies  tr£s  importantes  sont 
difficilement  chiffrables,  il  suffit  de 
savolr  que  sans  cet  outll  11  nous  auralt 
ete  impossible  de  developper  le  nombre 
de  systemes  que  nous  poss4dons  sur  nos 
avions  et  d’offrir  £  nos  clients  une 
panoplle  d' armements  adapt4s  £  leurs 
besoins  meme  avec  une  faible  serle 
comnand4e. 
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3.3.3  -  Material  Realization 


3.3.3  -  Realisation 


Each  aircraft  system  is  installed  on  a 
teat  bench  in  the  AMD-BA  center  at 
BRETIGMY. 

Currently,  14  systems  are  under 
development  on  18  comprehensive  and  7 
partial  test  rigs.  They  are  stimulated 
through  4  GOULD  SEL  32/77  and  1  GOULD 
SEL  32/97  computers. 

Stimulation  has  been  increasingly 
extended  to  the  entire  system  by 
stimulating  certain  sensors  (radar, 
inertial  navigation  unit).  Radars  and 
missiles  coupled  to  the  test  bench 
enable  to  make  real  target  acquisitions 
and  to  control  missiles  lock-on. 

Figure  3*3.4  is  the  schematic  diagram  of 
a  test  bench.  A  more  detailed  study 
reveals  that  some  laboratories  are 
reserved  to  equipment  manufacturers  who 
thus  preserve  their  development 
pregoratives  on  their  own  test 
equipment. 


Chaque  syst&oe  avion  est  install^  sur  un 
banc  A  BRETIGNY.  14  systdmes  sont 
actuellement  en  d£veloppement  avec  18 
bancs  completB  et  7  bancs  partiels.  Ils 
sont  stimulus  par  4  ordlnateurs  GOULD 
SEL  32/77  et  1  GOULD  SEL  32/97. 

La  stimulation  a  4te  de  plus  en  pi  ts 
£tendue  au  systeme  en  stimulant  certains 
capteurs  (radar,  centrale  A  lnertle), 
Des  radars  et  missiles  couples  sur  le 
banc  permettent  de  falre  de  r4elles 
acquisitions  de  cibles  et  contrSler  les 
accrochages  missiles. 

La  planche  3.3.4  donne  le  synoptique 
d'un  banc.  On  remarquera  que  des  labora- 
toires  sont  r£aerv£s  aux  equipementlers 
qui  conservent  leur  responsablllte  de 
mise  au  point  avec  leura  equipements 
d’essala  propres. 


3.3.4  -  OASIS 


3.3.4  -  OASIS  (Specifications  Design  Tool) 


A  delicate  problem  to  bring  to  a 
successful  issue  concerns  the  develop¬ 
ment  of  the  symbology  to  present  to  the 
pilot.  With  conventional  indicators,  it 
was  possible  to  await  the  cockpit 
mock-up  phase  to  optimize  their  layout. 
The  arrival  of  head-up  displays  compli¬ 
cated  this  adaptation.  Each  modification 
implies  a  software  adjustment  and 
"reaction"  lead  times  are  very  long  ... 

We  defined  a  very  simple  tool, 
christened  DAISY  (Synthetic  Imagery 
Animation  System)  enabling  us  to  display 
on  screens  (on  displays  assigned  to  the 
Ground  Station  in  the  beginning)  the 
proposed  symbology  and  to  modify  it 
easily.  This  helped  to  define  the 
General  Specifications  for  sighting 
heads  more  efficiently. 

The  application  spectrum  of  this  tool 
was  optimized  in  the  OASIS  Center,  where 
are  implemented  all  feasible  output 
varieties  (head-up  or  head-down  displays 
(cathode  ray  tubes) .  On  account  of  its 
role  in  aircraft  definition,  the 
responsibility  of  this  Center  was  given 
to  the  Design  Office,  but  its 
accommodation  in  the  Flight  Test 
Division  facilitates  the  contacts  with 
the  pilots  and  test  teams  and  cuts  down 
their  times  of  unavailableness. 


Un  problAme  difficile  k  mettre  au  point 
concerre  ies  figurations  a  donner  au 
pilote.  Avec  les  lndlcateurs  clasalques 
on  pouvalt  attendre  la  phase  maquettage 
cablne  pour  les  r6partir  au  mleux. 
L'arriv^e  des  viseurs  tete  haute  rendait 
plus  difficile  cette  adaptation.  Chaque 
modification  se  fait  par  logiciel  et  les 
d£lais  de  reaction  sont  tres  longs. 

Nous  avons  defini  un  outll  simple  appeie 
DAISY  qui  permet  de  presenter  sur  £crans 
(d'abord  ceux  affectes  au  vol  en  salle 
d'Scoute)  les  visualisations  proposees 
et  les  modifier  facllement.  On  peut 


ainsi 

mleux 

d£finir  le 

cahier 

des 

charges  viseur 

Cet  outil  a 

£t£  generalise 

dans 

le 

centre 

OASIS 

(Outil  d’ 

Aide 

a 

la 

Specification) 

avec  toutes 

les 

variet4s 

de  sortie,  tete  haute  ou  tete  basse 
(ecrans  cathodiques) .  Compte  tenu  de  sa 
fonction  dans  la  definition  avion,  la 
responsablllte  en  a  £t£  donnee  au  Bureau 
d' Etude  mala  sa  localisation  aux  Essals 
en  Vol  faclllte  les  contacts  avec  les 
pilotes  et  equlpes  d'essals  et  dlmlnue 
leur  temps  d ' indisponibilite. 

Les  ordlnateurs  utilises  sont  du  type 
GOULD  :  1  GOULD  32/97  et  2  GOULD  32/67. 


The  computers  used  are  of  GOULD  brand  • 
l  GOULD  32/97  and  2  GOULDT  32/67. 
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3*4  -  Armament  Tests 

The  general  methodology  for  qualification  of 
«  new  weapon  on  an  aircraft  la  presented  on 
Tlgure  3.4. L  the  chronotoglcal  order  to 
reapect  la  the  following. 

3.4.1  -  Opening  of  the  Plight  Envelope 

The  methods  used  are  Identical  to  thoae 
specified  for  airframe  testing  : 

.  Monitoring  of  structural  vibrations  to 
prevent  flutter  and  checking  of  gain 
margins  of  the  flight  control  system 
channels , 

.  Handling  qualities, 

.  Measurement  of  stress, 

•  Determination  of  armament  drag. 

3.4.2  -  Separation  and  Firing  Envelope 
(Figure  3.4.2) 

The  usual  test  procedure  is  applied  : 

.  Ground  release  testa  from  a  gantry  or 
directly  from  the  aircraft. 

These  tests  allow  to  select  the 
ejectora  that  provide  a  satisfactory 
”"lcal  speed  and  a  correct  pitch 

.  The  test  results  are  checked  in  the 
wind  tunnel  within  the  deaired 
envelope  for  release  of  a  given 
external  load.  * 

.  Flight  testa. 

The  main  purpose  Is  to  ensure  safety  by 
checking  the  trajectory  of  the  external 
store  with  regard  to  the  aircraft.  This 
Is  achieved  by  means  of  a  set  of  cameras 
filming  the  attitude  of  the  released 

m^re  "  jh3).VlCl”lt7  °f  th* 

To  check  the  correct  run  of  the  firing 
sequence.  It  is  necessary  to  make  sure 
that  the  store  leaves  the  area  perturbed 
hy  the  aircraft  with  attitudes  that 
ensure  Its  satisfactory  flight  from  the 
point  of  view  of  accuracy,  and  that 
allow  to  conserve  the  automatic  target 
lock-on,  for  guided  weapons. 

^  cameras  mounted 

at  different  locations  must  enable  to 

restitute  the  attitudes  up  to  an 
aircraft-store  distance  of  30  to  50 
meters.  To  determine  the  Inertlel 
trajectory  of  the  store.  It  Is  mandatory 
to  know  precisely  the  setting  of  the 

cameras  with  rsspect  to  the  aircraft  and 
the  aircraft  movement,  after  separation, 
tnat  are  to  ha  synchronised  with  the 
pnotoe. 

In  case  of  salvo  firing.  It  la  moreover 

<*«<*  <>>«  programmed  tlm. 
interval#  between  each  bomb  release  to 
ensure  a  correct  grouping  of  hits. 


3*4  -  Essals  armament 


U  ■dchodologie  g£n€rale  de  qualification 
d'un  nouval  ar.am.nt  aur  un  avion 
prdaantde  aur  la  pianche  3.4.1.  u 
chtonologl,  qul  eat  4  t.apact.r  eat  l. 


3.4.1  -  Ouverture  du  domains  da  vol 


lea  mdthodea  employee,  aont  callee 
mentlonneee  pour  lea  aasals  cellule  : 

.  Surveillance  dea  vibrations  de 
structure  pour  pr4venir  le  flutter  et 
pour  concroler  les  marges  de  gain  dea 
chaxnes  de  commandes  de  vol, 

.  Quail tda  de  vol, 

.  Mesurea  de  contralntes, 

.  Determination  de  la  tr.ln*.  dea 
charges. 


3.4.2  -  Domains  de  separation  et  clr 


(pianche 


3.4.2) 


£bitu"Tv*  le  proc"‘8us 

.  Easels  au  aol  sous  un  portlque  ou 
dlrectement  avec  l'avlon. 

Ce.  essals  permettent  de  s*lectionner 
das  ejecteurs  qul  donnent  une  vltesse 
vertical,  satlafalsante  et  une  vltesse 
de  tangage  correcte. 

.  Cee  essals  aont  controls  en  aouffle- 
rie  dans  le  domalne  de  largage  d ialrt. 

.  Essals  en  vol 

itrb;‘  principal  eat  d’a.aurer  1. 
security  en  controlant  Is  trajectolre  de 
la  charge  par  rapport  4  l'avlon  cecl  eat 

J'“  de  fllnant 

I  attitude  de  la  charge  largu*.  au 
volainage  de  l’avlon  (Pianche  3.4.3). 

Four  controler  le  bon  fonctlonnement  de 
Is  sequence  de  tlr,  11  f.ut  s',a8urer 
qua  2a  Charge  qultte  1.  champ  perturb* 
P«r  1  avion  avec  dea  attitudes  qul  lul 
assurent  un  vol  satlsfalsant  pour  Is 
precision  et  qul  permettent  d.  conaerver 
I  accrochage  automatlque  sur  la  clble 
pour  les  charges  guldlee. 

,  prla  P«  1«  differences 
cameras ,  dolvent  permettre  de  restltuer 
j  ’  ‘,tt.iCudM  JUS<IU'4  une  distance  de  30 
*  50  mattes .  Pour  acc*der  4  Is  ttejec- 
tolre  lnertlelle  de  1.  charge,  11  f.ut 
conns Itre  de  fa5on  precise  1,  cslage  dea 
cameras  par  rapport  4  l'avlon  et  lea 

*vion  spr4,  separation, 
synchronises  avec  lea  photos. 

Dan.  1,  d.  tlr  „  8slye>  u 
egalement  contrSler  lea  *carts  da  tamps 
programme,  entre  lea  different.,  bombas 
pour  assurer  un  bon  groupeaent. 
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3.4.3  -  Processing  Techniques  for  Stores  3.4.3  -  M6thodes  d 'exploitation  de  Is 


Trajectory  Plotting 


trajectographie  dee  charges 


3.4.3. 1  -  Present  Method 


16-nnn  film  cameras  are  accommodated 
on  various  aircraft  stations  or 
housed  in  modified  pods. 

The  method  used  is  the  triangulation 
of  two  lines  of  sight. 


3.4.3. 1  -  M6thode  actuelle 


On  lmplante  dans  diff^rentes  parties 
de  1*  avion  ou  dans  des  reservoirs 
modifies  des  cameras  film  16  mm. 

La  mAthode  utllls6e  eat  la  triangu¬ 
lation  de  2  llgnes  de  vls£e. 


With  : 

Gxys  trihedral  of  reference 

linked  to  the  aircraft 
Clxlylzl  trihedral  of  camera  Cl 
C2x2y2z2  trihedral  of  camera  C2 


It  la  possible  to  write  : 

— >  —  >  — >  — >  — > 

GP  -  GC1  +  C1P  -  GC2  +  C2P 

— > 

To  determine  the  GP  vector  in  the 
aircraft  reference  trihedral »  it  is 
necessary  : 

.  to  measure  the  position  of  each 
camera,  C,  with  respect  to  this 
trihedral, 

.  to  identify  the  rotation  matrix  of 
each  camera  to  be  able  to  define 
the  direction  of  each  vector  GP  ir 
the  reference  trihedral, 

.  to  know  the  intrinsic 
characteristics  of  each  camera 
(focal  distance,  distortion  of 
the  objective,  etc...) 

All  the  abovement loned  actions  have 
to  be  completed  prior  to  the  flight 
to  be  able  to  solve  the  above-cited 
vectorial  equation. 


Solt  : 

Gxyz  le  triedre  de  reference 

116  &  1* avion  et 

Clxlylzl  le  trlAdre  de  la  camera  Cl 
C2x2y2z2  le  trlAdre  de  la  camera  C2 

On  peut  ecrlre  : 

— >  — >  —  >  — >  — > 

GP  -  GC1  +  C1P  -  GC2  +  C2P 

— > 

Pour  determiner  le  vecteur  GP  dans 
le  triAdre  de  reference  avion,  11 
faut  : 

.  Mesurer  la  position  de  cheque 
camera  C  par  rapport  A  ce  triAdre, 

.  Identifier  la  matrlce  de  rotation 
de  chaque  caadra  pour  permettre  de 
d6finir  la  direction  de  chaque 
— > 

vecteur  GP  dans  le  trUdre  de 
r6f4rence, 

.  Connaftre  les  caractArietiques 
IntrlnsAques  de  chaque  cam4ra 
(focale,  distorsion  de  l’objectif, 
etc . . . ) . 

II  est  nlcessalre  que  tous  ces 
points  solent  tralt6s  event  le  vol 
afin  de  pouvoir  r6soudre  liquation 
vectorielle  cit6e. 
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As  explained  beforehand,  the  point  P 
can  be  defined  with  respect  to  the 
reference  trihedral  on  condition  to 
be  "seen"  from  at  least  two 
different  viewpoints. 

In  order  to  determine  the  relative 
trajectory  of  the  store  put  to  test 
until  about  30  meters  from  the 
original  position  (limit  that  is 
sufficient  today),  it  is  necessary 
to  install  about  5  pairs  of  cameras. 

Determination  of  Attitudes 

For  a  given  image.  It  is  possible  to 
identify  "n"  points  on  the  studied 
object  ;  if  only  three  points  are 
determined,  the  relative  attitudes 
(phi,  teta,  psi)  of  the  store  with 
respect  to  the  aircraft  can  be 
computed. 

Computation  is  performed  by  means  of 
a  NAC  analyser,  coupled  to  our 
real-time  acquisition  computers. 


3.4.3. 2  -  Evolution,  Diminution  of  Cost 


Nous  avons  vu  que  le  point  "P" 
pourra  etre  defini  par  rapport  au 
tri4dre  de  r4f4rence  que  s' 11  est  vu 
par  au  moins  2  postes  d 'o^ servation 
dif f4rents. 

Si  lfon  veut  determiner  la  trajec- 
toire  relative  de  la  charge  etudl4e 
jusqu'a  environ  30m  par  rapport  k  la 
position  d'orlglne  (llmite  aujourd'- 
hui  suffisante),  il  est  necessalre 
d'implnrter  sur  1* avion  environ  5 
couples  de  cam4ras. 

Determination  des  attitudes 

Pour  une  image  donn4e,  11  est 
possible  d' Identifier  "n"  points  sur 
l'objet  4tudl4,  si  3  points  seule- 
ment  sont  determines,  on  peut 
calculer  les  attitudes  relatives 
(Phi,  T4ta,  Psi)  de  la  charge  par 
rapport  a  1* avion. 

L' exploitation  s'effectue  par  un 
analyseur  NAC  coupl4  a  nos 
ordlnateurs  d* acquisition  temps 
r4el . 

3.4.3. 2  -  Evolutions,  diminution  des  couts 


i 


i 


i 


The  first  step  to  cut  costs  consists 
in  optimizing  the  preparation  of  the 
general  release  program  in  order  to 
reduce  the  number  of  flights  to  the 
minimum. 

The  second  action  consists  in 
changing  the  methodology  with  the 
aim  to  decrease  the  number  of 
cameras  required. 

For  about  10  cameras  : 

.  Boresighting,  even  automated, 

immobilizes  the  aircraft  during 
half  a  day,  with  two  technicians. 

.  The  complete  processing  of  films 
requires  8  hours  of  work  and 
analysis  between  2  flights. 

AMD-BA  developed  a  technique 
enabling  to  automate  processing  and 
to  reduce  the  number  of  cameras . 

Presently,  this  process  is  applied 
for  photos  from  16-mm  films  that  are 
digitized. 

The  external  load  under  test  Is 
extracted  from  the  digitized  images. 

This  store  image  is  converted  into  a 
skeleton  that  extends  to  the 
extremities  (angular  points). 
(Confer  to  Figure  3.4.4).  This 
linearized  skeletonization  enables 
to  Identify  the  characteristic  axes 
(Figure  3.4.5)  which,  in  turn, 
permit  to  determine  the  rotations 
(phi,  teta,  pal). 


Une  premiere  action  de  diminution 
des  couts  conslste  a  bien  pr4parer 
le  programme  g4neral  de  largage  en 
vue  de  faire  le  nombre  de  vols 
minimum. 

Une  deuxleme  action  consiste  a 
changer  la  raethodologie  en  vue  de 
diminuer  le  nombre  de  cam4ras 
n4cessaires . 

Avec  une  dlzalne  de  cam4ras  : 

.  L' harmonisation  meme  automat is4e 
immobilise  1' avion  pendant  une 
demi-journee  avec  2  operateura. 

.  L 'exploitation  complete  des  films 
demande  environ  8  heures  de 
travail  et  d' analyse  entre  2  vols. 

Nous  avons  d4velopp4  une  m4thode 
permettant  d'automatiser  1' exploi¬ 
tation  et  de  diminuer  le  nombre  de 
cam4ra8 . 

Elle  est  actuellement  d4velopp4e  k 
partlr  des  photos  film  16  mm  qui 
sont  num4rls4es. 

Des  images  nuffl4rls4es,  on  extralt  la 
charge  elle-meae.  Cette  image  charge 
est  tran8form4e  en  un  squelette  qui 
joint  les  points  termlnaux  (points 
anguleux)  (planche  3.4.4). 

Ce  squelette  Iin4arls4  permet 
d' identifier  les  axes  caract4rls- 
tlques  (planche  3.4.5)  4  partlr 

desquels  on  d4termlne  les  rotations 
(Phi,  T4ta,  PSI). 


1 


4 
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Using  our  tridimensional,  inter¬ 
active  CAD  -  CAM  design  tool  CATIA, 
one  image  of  the  store,  in  a  given 
attitude,  is  synthetized  and  by 
means  of  the  skeletonization 
technique,  the  analyst  tries  to 
restore  this  attitude.  The  results 
obtained  are  good  :  0.4*  in  roll,  1* 
in  pitch,  0.2"  in  yaw. 

The  aircraft-store  distance  la  also 
determined  on  the  basis  of  synthetic 
images  representing  the  store  at  two 
different  distances  but  in  the  same 
attitude  (See  Figure  3.4.6). 

.  Currently,  this  technique  allows  : 

A  gain  of  50Z  on  the  number  of 
observation  points,  consequently 
cost-saving  in  terms  of  equipment. 

Based  on  an  average  rate  of  300 
flights  per  year,  the  gain  in 
personnel  is  estimated  at  6D0 
manhours  of  preparation  and  1500 
manhours  of  processing  by  graduate 
engineers. 

The  time  spent  between  two  flights 
can  be  shortened  from  8  to  2 
hours,  thus  enabling  to  carry  out 
2  flights  per  day.  * 

A  further  evolution  towards 
real-time  video  transmission  could 
lead  to  an  additional  reduction  of 
the  number  of  flights,  enabling  to 
carry  out  a  second  release  after 
having  performed  a  safety  check  on 
the  first  test. 


3.4.4  -  Weapon-System  Integration 


This  is  a  complement  to  the  general 
integration  testa  we  described  earlier. 

Firing  accuracy  checks  are  performed, 
constating  in  a  verification  of  the 
various  control  orders  with  updating, 
based  on  bench  teats. 

Accuracy  tests  are  also  made  with  small, 
well  calibrated  practice  bomba  whose 
trajectory  calculation  was  entered  Into 
the  fire  control  computer. 


A  une  attitude  donn£e ,  1 1  on 
synthetise  une  image  de  la  charge  (3 
partlr  de  programmes  de  dessin  3D 
CATIA)  et  l’on  esssle  de  retrouver 
cette  attitude  par  la  m6thode  de 
squelettlaatlon.  On  ob-tlent  alnsl  de 
bons  r6»ultats  :  0,4°  en  touIIs,  1° 
en  tangage,  0,2"  en  lacet. 

La  distance  de  la  charge  est  4gale- 
ment  obtenue  par  des  images  de 
synthdse  a  deux  distances  diffe¬ 
rences  mais  dans  la  meme  attitude 
(planche  3.4.6). 

.  Actuellement  cette  m6thode  permet  i 
Vn  gain  de  50Z  sur  le  nombre  de 
poincs  d'observation  dfou  gain  en 
materiel. 

Compte  tenu  d'une  cadence  moyenne 
de  300  vols  par  an,  le  gain  en 
personnel  est  estlm£  h  600  heurea 
de  preparation  et  1500  heurea 
d'ing6nieur  &  1' exploitation. 

Le  d£lal  de  8  heures  encre  2  vole 
peut  etre  ramene  a  2  heures  ce  qul 
permettra  d'effectuer  2  vols  par 
Jour. 

Une  Evolution  vers  la  transmission 
viddo  temps  r6el  pourrait  perwettre 
de  dlmlnuer  le  nombre  de  vole  en 
falaant  un  deuxieme  largage  aprds 
contrSle  de  s6curit4  sur  le  premier 
essal. 

3.4.4  -  Integration  syst^me  d’armes 


II  s'agit  d’un  complement  aux  essaia 
g4neraux  d1 integration  que  nous  avona 
decrlts. 

Des  controlea  de  precision  de  tir  sent 
effectues  en  contrSlant  lee  diff^rente 
ordres  de  commande  avec  recalage  sur  lee 
eesais  effectues  au  banc. 

Dee  eaaais  de  precision  eont  egalement 
effectu£s  avec  des  petltes  bombee 
d'exercice  bien  calibrees  dont  la 
trajectographle  a  4t4  entr4e  dans  le 
calculateur  de  tir. 


3.5  -  Essaia  c on t re -me sure 8 


3.5  -  Countermeasures  Teats 


The  AMD-BA  Flight  Teat  Center  at  ISTRES 
accommodates  two  vast  anecholc  chambers, 
without  equal  in  EUROPE  : 


.  Depth 
.  Width 
.  Height 
.  Volume 


28  meters 

20 

13 

7280  m9 


Complete  aircraft  in  f light-readiness 
condition,  except  for  the  engine  which  is 
simulated,  are  suspended  in  the  center  of 
the  chamber.  It  Is  thus  possible  : 


Le  centre  d' essaia  AMD-BA  d' ISTRES  est 
equipe  de  deux  chambres  andcholdes  les  plus 
grandes  d' EUROPE  : 


.  profondeur 
.  largeur 
.  hauteur 
.  volume 


28  metres 

20 

13 

7280  m* 


Dee  avlons  complete  en  4tat  de  vol,  aauf  le 
moteur  qui  eat  slmul6,  sont  pendus  au  centre 
de  la  chambre.  On  peut  alnsl  : 


'  SKELETON  AND  AXES  DETERMINATION 

Fig.  3.4.5 


DISTANCE  DETERMINATION 
WITH  TWO  SYNTHETIC  IMAGES 


AT  TWO  DISTANCES 
SAME  ATTITUDE 
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.  to  check  without  external  Interference 
(anecholc  chamber  and  Faraday  cage)  the 
susceptibility  of  equipment  to  electro- 
-magnetic  radiations.  These  are  safety 
tests  in  dense  or  protected  electro- 
-aagnetlcal  environment , 

.  to  check  discoupllng  of  antennas, 

.  to  teat  the  efficiency  of  the 
countermeasures  equipment . 

The  purpose  of  these  tests  is  to  optimize 
the  relative  operation  of  the  ECM  equipment 
and  that  of  the  radar  and  the  missiles.  They 
also  enable  a  judicious  selection  of  limit 
test  points  that  will  be  checked  in  flight. 
One  month  of  testing  in  an  anecholc  chamber 
allows  to  optimize  the  profile  of  3  or  4 
validation  flights. 


.  contrSler  sans  psrasltages  extErieurs 

(chambre  anEchoIde  et  cage  de  Faraday)  la 
susceptibilitE  des  Equipements  aux 
rayonnements  ElectromagnEtiquea.  Ce  sont 
des  essal8  de  sEcurltE  en  ambiance 
Electromagnet ique  dense  ou  pas. 

.  contrSler  le  dEcouplage  des  antennes, 

.  vErlfier  1'efficacitE  deB  Equipements  de 
contre-mesures . 

Le  but  eat  d'optimiser  le  fonctionnement 
re'latif  de  ces  Equlpements  et  ceux  du  radar 
et  des  missiles.  Ces  essals  permettent 
Egalement  de  blen  sElectlonner  des  points 
limltes  qul  seront  &  contrSler  en  vol.  Un 
mo  is  d'essals  en  chambre  anEcholde  permet  de 
sElectlonner  3  ou  4  vols  de  validation. 


4  -  CONCLUSION 


4  -  CONCLUSIONS 


We  are  in  a  position  to  confide  a  non  exhaustive 
assortment  of  recipes  to  increase  the  efficiency 
of  flight  testing  with  the  purpose  to  reduce  the 
cost  of  development  of  an  aircraft  or  airborne 
systems . 

Certain  advices  seemingly  stand  to  reason,  but 
they  imply  an  inside  experience  that  cannot  be 
learned  in  a  single  program.  It  is  also 
necessary  to  convince  the  various  participants 
and,  in  particular,  the  equipment  manufacturers. 

First  of  all,  to  reduce  the  number  of  test 
flights,  the  product  put  to  test  must  have  been 
defined  with  care  and  must  have  completed  all 
feasible  tests  on  the  ground. 

Flights  should  only  be  qualification  tests  as 
for  missiles  ;  the  difference  lies  in  the 
man-machine  match  and  in  the  operational  use 
that  is  much  more  diversified  than  that  of  a 
mono-operation  missile. 

The  means  available  are  : 

.  theoretical  aerodynamic  and  structural 
calculations  on  powerful  computers, 

.  wind-tunnel  tests  whose  increase  was  possible 
thanks  to  : 

.  computer-assisted  design  and  manufacturing, 
thus  cutting  down  prices  and  mock-up 
production  lead  times, 

.  automation  of  wind-tunnel  acquisitions, 

thereby  decreasing  the  time  needed  to  yield 
results , 

.  tools  assisting  in  the  specification  of 
airborne  systems  (Avlons  MARCEL  DASSAULT  - 
BREGUET  AVIATION  developed  OASIS) . 

.  systems  test  benches  coupled  to  computers  : 

.  Flight  controls  rig  with  simulator, 

.  Stlmulable  benches  for  navigation  and 
armament  systems.  These  test  benches  can 
take  part  in  the  qualifications  and 
certifications  of  systems,  more 
particularly  for  failure  investigations. 


Nous  pouvons  donner  quelques  recettes  non 
exhaustlve8  permettant  d'augmenter  1'efficacitE 
des  easals  en  vol,  le  but  Etant  de  rEdulre  le 
cout  de  la  mise  au  point  d'un  avion  ou  des 
systEmes  embarquEs. 

Certains  points  peuvent  parattre  des  Evidences 
mais  ils  demandent  une  expErience  qui  ne  peut 
etre  acqulse  8ur  un  programme.  II  faut  Egalement 
convaincre  les  diffErents  participants  et  en 
particulier  les  Equipementiers . 

En  premier  lieu,  pour  diminuer  les  vols 
d'essals,  il  faut  avoir  un  produit  qui  a  Ete 
bien  dEfini  et  qui  a  subl  tous  les  essals 
nEcessalres  au  sol. 

Les  vols  ne  devraient  etre  que  des  essals  de 
qualification  comme  pour  des  engine  ;  Za 
diffErence  portant  sur  le  couplage  homrse-machlne 
et  sur  l'utilisation  opErationnelle  qui  est  plus 
diverse  que  dans  le  cas  d'un  engin  mono- 
operation. 

Les  moyens  E  utiliser  sont  : 

.  des  calculs  thEoriques  aErodynamlque  et 
structure  sur  des  ordlnateurs  puissants, 

.  des  essals  en  soufflerie  qul  ont  pu  etre 
augmentEs  grace  E  : 

.  la  conception  et  fabrication  asslstEes  par 
ordinateur  qui  dlmlnuent  le  prix  et  le 
dElai  de  fabrication  des  maquettes. 

.  1' automat isat ion  des  acquisitions  des 

souffleries  qui  diminue  les  dElais  d'obten- 
tlon  des  rEsultats. 

.  des  moyens  d'aide  E  la  spEclflcatlon  des 

systEmes  embarquEs  (OASIS  aux  Avions  Marcel 
DASSAULT  BREGUET-  AVIATION). 

.  des  bancs  systEmes  couplEs  E  des  ordlnateurs. 

.  bancs  commandes  de  vol  avec  simulateur , 

.  bancs  stlmulables  de  systEme  de  navigation 
et  d* armament. 

Ces  bancs  peuvent  participer  E  des  qualifica¬ 
tions  et  certifications  des  systEmes  en 
particulier  pour  1 'Etude  des  pannes. 
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.  The  Teat  Programs  must  be  prepared  very 

conscientiously.  It  is  at  this  stage  when 
development  requirements  are  analyzed  and  when 
thorough  reflection  must  be  given  to  the  part 
of  testing  that  can  be  made  on  the  ground  and 
in  laboratories  (less  costly)  and  to  what 
remains  to  be  covered  in  flight . 

.  This  analysis,  associated  to  the  definition  of 
the  processing  means,  enables  to  deduce  the 
required  measurement  installations.  This 
approach  must  always  be  made  in  this  order. 
Measurement  installation  have  to  be  well 
conceived  to  reduce  subsequent  processing 
work.  Software  costs  may  be  considerable. 


The  problem  of  data  storage  must  be  given 
careful  thought. 

A  priori,  it  is  better  to  refuse  recordings, 
they  may  not  be  indispensable  . .  .  Experience 
proves  that  not  validated  and  not  checked 
recordings  are  very  costly  in  terms  of  invested 
equipment,  and  they  always  fall  to  work  when 
they  are  likely  to  be  needed. 

Precedence  is  to  be  given  to  flight  safety 
problems  by  providing  the  ground  test  team  with 
the  means  to  cope  quickly  with  malfunctions. 

For  complex  analyses.  It  may  become  necessary  to 
resort  to  artificial  intelligence. 

Developers  must  constantly  be  on  the  watch  out 
for  possible  problems  of  standardization  of  data 
acquisitions  and  transmissions. 

AMD-BA  have  succeeded  In  containing  the  data- 
-  f  low  requests.  For  an  experimental  aircraft 
such  as  RAFALE,  the  development  tasks  were 
tackled  with  1300  wired  measurements,  1000  of 
them  recorded  at  a  data  rate  of 

.  8000  measurements  per  second,  processed  in 
real  time  throughout  the  flight, 

.  45  accelerometers  processed  on  the  ground  with 
an  output  of  200  points/second  for 
scrupulously  selected  teat  points  and  the 
possibility  to  treat,  simultaneously,  flight 
envelope,  handling  qualities  and  stress 
problems. 

Weapon  systems  can  be  stimulated  on  the  ground, 
using  play-backs  offering  the  same  information 
stream  of  8000  measurements  per  second  for 
several  hundred  parameters. 


.  Les  programmes  d'essais  doivent  etre  trie  blen 
prepares.  C'est  A  ce  stade  que  seront  analysis 
les  moyens  necessalres  A  cette  utlse  au  point 
et  en  particulier  ce  qui  peut  etre  fait  au  sol 
et  en  laboratoire,  moins  couteux  et  ce  qui 
reste  A  controler  en  vol. 

.  Cette  analyse  permet,  en  definissant  les 
moyens  d ’exploitation  d'en  diduire  les 
Installations  de  mesure  necessalres.  Cette 
approche  doit  toujours  etre  realisee  dans  cet 
ordre.  L'lnstallatlon  de  mesure  dolt  etre 
congue  pour  dlmlnuer  les  travaux  ultirleure 
d 'exploitation.  Les  couts  de  logiciels  peuvent 
etre  tres  lmportants. 

II  faut  songer  aux  problemes  de  stockage  des 
donnies . 

Refuser  des  enreglstrements  a-priori,  des  foie 
que  ...  L'experience  prouve  que  ces 
enreglstrements  non  validis  et  non  controles 
sont  tree  lourds  en  materiel  et  ne  marchent 
Jamais  lorsqu'on  pourralt  en  avoir  besoln. 

II  faut  toujours  s'lnteresser  en  prlorlte  aux 
problemes  de  sicurite  du  vol  en  fournlssant  & 
l'equipe  d'essais  au  sol  des  moyens  permettant 
de  repondre  rapldement  a  ces  anomalies. 

Pour  des  analyses  compliquies,  11  peut  etre 
nicessalre  d'avoir  recours  A  de  1' intelligence 
artlficlelle. 

Faire  attention  aux  problemes  de  standardi¬ 
sation  des  acquisitions  et  de  transmission  de 
donnies . 

Aux  AMD-BA,  noun  avons  reuse i  A  contenir  les 
demandcs  de  dibit  de  donnees.  Pour  un  avion 
experimental  du  type  RAFALE,  la  mise  au  point 
a  4ti  rialisie  avec  1300  mesures  cablies  dont 
1.000  enregistries  avec  un  debit  de  8.000 
mesures  par  seconde  tralties  en  temps  riel 
pendant  tout  le  vol.  45  accilirometres  traltis 
au  sol  au  dibit  de  200  points  par  seconde 
pendant  des  points  d'essais  bien  selectionnis 
et  permettant  de  traiter  slmultaniment  lee 
problemes  de  domalne,  quallte  de  vol  et 
efforts. 

Les  systiraes  d’armes  peuvent  etre  stlmulis  au 
sol  en  riallsant  des  play-back  avec  le  meme 
debit  d ’ information  de  8.000  mesures  per 
seconde  sur  quelques  centalnes  de  paramitres. 
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1 .  INTRODUCTION 

A  flight  test  tool  has  been  worked  out  by  DFVLR  for  flying  quality  evaluations 
of  ground  attack  tracking  phases  (Ref.  1).  This  Ground  Attack  Technique  (GRATE)  has 
been  proven  in  test  flights  of  the  German  Federal  Armed  Forces  Engineering  Center  for 
Aircraft  and  has  been  integrated  in  the  Large  Amplitude  Multimode  Aerospace  Research 
Simulator  (LAMARS)  of  Air  Force  Wright  Aeronautical  Laboratories  (AFWAL)  in  Dayton. 
The  German/US  cooperation  has  been  supported  by  the  Memorandum  of  Understanding  (MoU) 
"Flight  Control  Concepts". 

In  this  paper  a  description  of  the  flight  test  method  and  of  the  pilot's  role  and 
ratings  is  given.  Head-up-display  films  have  been  evaluated  to  determine  a  so  called 
align-time  and  a  circular  error  probability  (CEP).  The  influence  of  different  test 
conditions  on  the  mission  parameters  has  been  investigated.  The  results  of  the  numerical 
analysis  and  the  pilot  ratings  have  been  compared.  The  determined  gradients  show  the 
sensitivity  of  a  pilot  rating  to  the  mission  parameters.  In  this  context  a  configuration 
with  slight  PlO-tendencies  is  discussed. 

Simulator  tests  have  shown  that  the  technique  is  an  effective  tool  for  unmasking 
aircraft  handling  problems.  The  effects  caused  by  different  turbulence  levels  on  pilot 
ratings  were  found  to  be  small  in  comparison  to  conventional  methods. 


2.  BASIC  IDEA 

Dynamic  handling  qualities  of  an  aircraft  can  be  tested  by  a  pilot  with  application 
of  a  three-step  technique  as  follows: 

•  The  pilot  determines  the  response  characteristics  of  the  aircraft  by  moving  the 
controls  and  watching  the  aircraft  response. 

•  He  compares  the  dynamic  behaviour  of  the  aircraft  with  other  airplanes. 

•  He  assesses  the  differences  with  regard  to  the  importance  of  the  characteristics 
for  a  mission  or  flight  phase. 

The  GRATE  was  developed  and  tested  in  consideration  of  the  three  steps  mention¬ 
ed.  In  this  technique  light  targets  are  placed  at  different  positions  on  the  ground 
(Fig.  1) .  During  a  prolonged  dive  the  lights  are  switched  by  an  input  signal  to  generate 
aiming  errors  in  the  sights  of  the  head-up  display  (HUD) .  Thus  the  pilot  is  forced  to 
react  continuously,  and  the  closed-loop  pilot-aircraft  system  is  excited  over  a  wide 
frequency  range  of  interest.  The  pilot  more  information  about  mission-oriented 

flying  qualities,  and  suitable  data  to  calculate  mission  parameters  can  be  generated. 


3.  TECHNICAL  ARRANGEMENTS  OF  FLIGHT  AND  SIMULATION  TESTS 

A  flight  test  program  was  performed  utilizing  an  experimental  aircraft  based  on  the 
alpha- jet  configuration  with  some  modes  of  changeable  flying  qualities. 

The  setup  of  the  test  equipment  consists  of  an  airborne  and  a  ground  system 
( Fig .  2) ♦  The  main  part  of  the  ground  system  is  the  collection  of  light  targets. 

The  overall  arrangement  of  the  ground  system  (all  lamps  switched  on)  is  shown  in 
Fig .  3  from  the  point  of  view  of  a  pilot  during  a  simulated  attack. 

Each  target  is  a  lamp  cross  with  eight  halogen  lamps  switched  on  and  off  by  a 
microprocessor  according  to  the  signal  received  via  cables  connected  to  the  telemetry 
ground  station  (Fig.  4) . 
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The  LAMARS-simulator  consists  of  a  f ive-degree-of- freedom  beam-type  motion  system 
which  carries  a  single-seat  cockpit  and  a  display  screen  on  the  end  of  a  beam  (Fig.  5) . 

The  cockpit  was  representative  of  a  single-seat,  high-performance  aircraft  with  a 
centre  stick  controller  and  a  HUD. 

On  the  spherical  screen  is  displayed  a  three-dimensional  terrain  model  (Fig.  6)  . 
The  pictures  are  generated  using  a  gantry-supported  optical-probe-equipped  television 
camera.  A  hybrid  computer  system  is  connected  to  the  motion  base,  the  cockpit  controls, 
the  HUD  and  the  terrain  board  servo  system. 

There  are  two  ways  to  represent  the  target  configuration  in  the  simulator.  Lights 
can  be  displayed  in  the  HUD  of  the  cockpit,  or  small  lamps  can  be  mounted  on  the  terrain 
board.  Lights  in  the  HUD  can  easily  be  modified  by  the  computer  program  whereas  the 
lamps  on  the  terrain  board  yield  a  more  realistic  image. 


4  TEST  PROGRAM  PREPARATIONS 

The  target  illumination  sequence  on  the  ground  produces  a  visual  input  signal  to 
the  pilot-aircraft  system. 

The  criteria  to  select  suitable  target  arrangements  and  light  switching  signals 
were  derived  from  experience  in  system  identification  (chapter  4.1  and  4.2). 

In  order  to  investigate  system  responses  to  small  perturbations,  the  targets  were 
placed  within  a  narrow  area  on  the  ground.  The  signals  were  selected  with  respect  to  a 
maximum  target  leap  of  1.0  degree  in  the  sight  of  the  cockpit. 

The  calculations  were  performed  for  a  reference  flight  which  had  the  following 
characteristics : 

•  a  straight-line  glide  path  to  the  centre  of  the  target  area 

•  flight  path  angle  of  -10  degrees 

o  initial  airspeed  of  400  kn 

•  constant  acceleration  due  to  the  gravity  component  in  the  flight  direction 

o  distance  range  from  3300  m  to  800  m  to  the  centre  of  the  target  area. 


4.1  TARGET  CONFIGURATIONS 

The  distribution  of  the  targets  on  the  ground  is  designed  in  the  MIL-plane  which 
is  perpendicular  to  the  line  of  sight  from  the  pilot  to  the  centre  of  the  target  area 
( F ig .  7 ) .  Different  design  concepts  result  in  different  arrangements;  see  target  confi¬ 
gurations  A  and  B  in  Figure  7. 

Configuration  A  was  designed  to  yield  a  symmetric  picture  in  both  the  vertical 
and  lateral  directions.  It  has  the  same  structure  and  spread  with  respect  to  both  axes. 
Thus  a  random  signal  would  create  similar  aiming  errors  in  the  vertical  and  lateral 
direction . 

The  targets  in  configuration  A  are  also  arranged  favourably  with  respect  to  the 
following  aspect.  The  input  signal  z  in  Fig .  8  which  is  used  to  switch  the  lamps  con¬ 
tains  the  components  zx  and  zy .  The  extremes  in  one  component  of  the  signal  appear  when 

the  other  signal  component  vanishes.  Thus  the  numerator  of  the  correlation  coefficient 
becomes  small  compared  to  the  denominator  and  the  signals  are  nearly  uncorrelated.  The 
pilot  will  excite  the  longitudinal  and  lateral  motion  independently  and  he  gets  more 
information  about  the  aircraft  characteristics  (Ref.  2). 

The  target  configuration  B  shown  in  Fig.  7  was  selected  from  several  arrangements 
to  satisfy  the  following  criterion: 

To  perform  many  input  signal  steps  a  long  dive  is  desirable.  The  maximum  and  mini¬ 
mum  acceptable  tracking  distances  were  determined  in  flight.  They  have  a  ratio  of  4 
to  1.  Hence  the  visual  angles  between  targets  are  of  the  same  ratio.  The  targets  should 
be  positioned  to  obtain  the  desired  step  size  at  any  location  within  the  test  range. 

Therefore  the  ratio  of  the  largest  to  smallest  distance  between  the  targets  should  be 

4  to  1  and  the  other  distances  should  have  a  uniform  distribution  within  these  limits 
(see  Fig ♦  9 ) .  Such  characteristics  were  achieved  using  only  eight  targets. 

To  implement  configurations  A  and  B  during  a  test,  the  arrangement  of  targets  must 
be  transferred  from  the  MIL-plane  to  the  ground  plane.  The  final  plans  of  the  configura¬ 
tions  are  shown  in  Fig.  10  and  11 . 

For  some  flights  the  targets  were  arranged  along  a  line  in  both  the  longitudinal 
and  cross  directions.  These  arrangements  emphasized  the  motions  with  respect  to  tl 
selected  axes. 
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4.2  INPUT  SIGNAL  DESIGN 

In  order  to  evaluate  or  identify  aircraft  handling  qualities  from  closed-loop 
tests,  sufficient  excitation  or  disturbance  must  exist  over  a  reasonably  wide  band¬ 
width  (Ref.  3).  This  is  especially  important  during  precision  flight  control  phases, 
where  flying  qualities  "cliffs"  may  ex.st  which  seriously  degrade  performance  at  criti¬ 
cal  times  during  the  flight  (Ref.  4).  The  input  signals  of  GRATE  are  generated  by  the 
motions  of  the  line  of  sight  between  the  pilot  and  the  targets  when  the  lights  are 
switched.  They  are  designed  in  the  frequency  domain  (Ref.  5) . 

The  line  of  sight  angle  is  split  into  the  vertical  (ex)  and  lateral  ( ey)  compo¬ 
nents.  The  dependence  of  the  angles  on  the  distance  between  the  aircraft  and  tne  centre 
of  the  target  area  ( xp )  is  shown  in  Fig.  12.  The  curves  for  the  lamps  which  are  not 
illuminated  are  also  shown  in  the  diagrams. 

The  time  histories  of  the  line  of  sight  angles  ( ex  and  e^)  are  input  signals  to  the 
i  pilot/aircraft  system.  They  can  approximately  be  represented  by  a  multi-step  function 

[  r(t)  (Fig.  13). 

*  The  equation  describing  the  power  spectrum  |R(u)|^/T  of  a  signal  with  constant  time 

intervals  At  has  two  factors. 

i  The  first  factor  2  At  (1  -  cos  where  n  =*  wAt,  is  a  function  of  the  interval 

duration  At  and  the  frequency  w,  and  is  not  affected  by  the  switching  amplitudes  v^ .  The 
amplitude  is  obtained  from  the  power  spectrum  by  taking  the  square  root  and  results  in 
a  clearer  picture  for  the  first  factor  (Fig.  13).  This  term  is  shown  for  a  range  of  At 
^  intervals  which  were  found  acceptable  by  pilots  in  flight  tests* 

The  peaks  in  the  functions  shown  steeply  decrease  with  increasing  frequency  Q. 
Since  the  second  factor  is  periodic  with  fl  =  2*,  the  decrease  in  the  amplitude  spectrum 
at  higher  frequencies  cannot  be  prevented  even  by  a  special  selection  of  the  amplitudes 
v^ .  These  characteristics  of  the  spectrum  prevent  the  generation  of  signals  with  an 
approximately  constant  spectrum.  Nevertheless,  the  best  possibilities  within  the  limits 
discussed  were  utilized. 

A  computer  program  was  used  to  generate  sets  of  input  signals  with  uniform  power 
spectra  for  the  line  of  sight  angles  ex  and  ey. 

5 .  PILOTS '  ROLE 

The  basic  idea  and  the  test  layout  were  mainly  based  on  theory.  Flight  and  simu¬ 
lation  tests  were  necessary  to  adapt  the  method  to  the  demands  of  practical  operations. 
Hence  the  test  pilots  fulfilled  various  tasks j 

•  they  tracked  the  targets  for  data  collection; 

•  they  provided  information  about  different  aspects  of  the  test  method?  and 

•  they  assessed  the  flying  qualities  of  the  aircraft  using  the  well-known  Cooper- 
Harper  rating  scale. 

The  pilots  rated  the  technique  to  be  well  suited  for  evaluating  air-to-ground  han¬ 
dling  qualities.  Results  showed  that  GRATE  is  effective  and  easy  to  both  learn  and  use. 
It  is  as  effective  as  turbulence  in  unmasking  poor  flying  qualities.  As  turbulence  is 
not  available  on  call,  poor  flying  qualitie^^jay  remain  masked  even  in  an  otherwise 
rigorous  conventional  test  program. 


6.  EVALUATION  OP  PLIGHT  TEST  DATA 

The  evaluation  of  the  flight  test  data  has  been  concentrated  on  the  investigation 
of  tracking  performance  parameters. 

Flight  test  data  were  measured  from  HUD  camera  film  including  position  of  the 
pipper  and  the  illuminated  lamp.  In  the  time  histories  of  the  example  shown  in  Fig.  14, 
the  steps  in  pitch  and  azimuth  of  the  target  light  and  the  changes  initiated  by  the 
pilot  in  order  to  track  the  target  are  clearly  visible. 

The  star-like  pattern  in  the  cross  plot  of  the  aiming  error  indicates  four  loops 
which  correspond  to  the  four  steps  of  the  light  signal.  The  time  histories  of  these  four 
sequences  can  be  treated  as  four  isolated  characteristic  motions  with  different  initial 
conditions  of  the  pilot-aircraft  system.  When  the  light  jumped  in  the  negative  direc¬ 
tion  of  pitch  or  yaw,  the  time  histories  were  multiplied  by  -1  to  maintain  a  character¬ 
istic  motion  with  a  positive  initial  condition. 

The  mean  values  calculated  from  the  four  characteristic  motions  and  curves  of  lim¬ 
its  of  confidence  are  shown  in  Fig.  15.  Thus  the  influence  of  noise  on  the  time  histo¬ 
ries  can  be  reduced. 
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6.1  DEFINITION  OF  MISSION  PARAMETERS 


A  mean  radial  deviation  pr  was  calculated  eliminating  estimated  disturbance  ef¬ 
fects.  Details  are  given  in  Appendix  A;  time  histories  are  shown  in  Fig.  16. 

The  time  up  to  the  moment  when  the  mean  radial  deviation  passed  the  value  of 
3  mrads  was  determined  and  increased  by  10  %.  This  result  was  defined  to  be  the  align- 
tirae . 


After  the  align-time,  tracking  is  approximately  a  stationary  random  process-  The 
test  data  of  the  stationary  tracking  can  be  evaluated  by  determining  two  circles  which 
surround  tracking  data  from  50  %  of  the  time  after  the  align-time  (Fig.  17)  .  Their  radii 
are  called  circular  error  probability  around  the  mean  aiming  point,  CEP^p,  and  circular 
error  probability  around  the  target,  CEPTGT. 

The  radius  CEPM»p  ia  smaller  and  more  sensitive  to  disturbances  during  the  aiming 
process  and  is  therefore  more  suitable  for  handling  quality  evaluations.  Note  the  CEP^p 
in  this  report  ia  not  affected  by  the  recoil  of  a  gun  and  is  averaged  utilizing  the  data 
of  all  stationary  tracking  time. 


6.2  SEPARATION  OF  DEPENDENCIES 

The  mission  parameters  depend  on  different  test  conditions#  e.g.  turbulence,  target 
configuration,  and  feedback  mode.  The  evaluated  parameters  which  are  valid  for  the  same 
test  conditions  with  the  exception  of  one  variable  are  drawn  in  a  diagram.  Thus  the  de¬ 
pendencies  can  be  ascertained. 

The  align-time  and  CEPw,p  are  shown  in  Fig.  18  for  different  turbulence  levels 
which  were  determined  from  pilot  comments.  Each  point  in  the  diagram  is  an  evaluation 
result  of  an  attack  dive. 

The  align-time  may  vary  if  manoeuvrability  characteristics  are  changed,  but  ob¬ 
viously  it  does  not  depend  on  the  turbulence. 

The  CEP^AP  reinains  constant  in  low  turbulence  levels  but  increases  when  the  turbu¬ 
lence  becomes  moderate  to  heavy. 

In  a  similar  way  the  influence  of  the  target  step  direction  on  the  align-time  was 
investigated.  Averages  of  align-times  for  all  targets  placed  in  the  longitudinal  direc¬ 
tion  was  slightly  shorter  than  for  targets  placed  crossways  or  for  the  two-dimensional 
target  configuration  (A) . 

For  comparison  of  different  feedback  modes,  align-times  were  taken  with  target 
configuration  A  and  targets  placed  crossways.  Quantities  of  CEPMAP  were  taken  with  tur¬ 
bulence  levels  of  none  to  light  to  moderate  (chapter  6.4). 


6.3  PIO  TENDENCIES 

A  .♦  ■  *dback  mode  was  available  which  made  the  experimental  aircraft  lightly  suscep¬ 
tible  to  PIO  tendencies  of  the  longitudinal  motion.  The  oscillations  appeared  for  any 
target  configuration. 

When  the  targets  were  placed  crossways,  disturbances  of  the  longitudinal  motion 
were  small  but  the  oscillations  in  pitch  were  clearly  visible  (Fig.  19)  - 

When  the  mean  radii  pr  were  calculated  by  averaging,  the  oscillations,  as  shown  in 
Fig.  20  became  reduced,  the  decrease  of  the  radius  became  unmistakable  and  the  determi¬ 
nation  of  the  align-time  became  more  reliable. 


6.4  COMPARISON  OF  PILOT  RATING  AND  MISSION  PARAMETERS 

During  flight  tests  separate  ratings  for  roll,  pitch,  yaw,  and  normal  acceleration 
of  precision  tracking  and  manoeuvrability  were  accomplished. 

Averages  of  pilot  ratings  during  precision  tracking  are  represented  in  Fig.  21 
(upper  half).  Mean  values  of  CEPyAP  and  their  standard  deviations  are  shown  beneath 
them.  All  diagrams  have  a  similar  shape.  Therefore  pilot  ratings  and  CEPMAp  values  are 
correlated.  An  average  of  the  presented  ratings  was  calculated  and  drawn  against  the 
mission  parameter  CEPMAp  in  Fig.  22. 

The  values  of  the  feedback  modes  of  B,  C,  and  D  yield  a  straight  line.  Its  slope 
is  a  sensitivity  of  pilot  rating. 

If  the  CEPyap  increases  by  1  mil  -  that  is  an  error  deviation  of  3  feet  in  a  dis¬ 
tance  of  3000  feet  -  than  the  pilot  rating  will  increase  by  0.5.  These  values  may  also 
represent  the  resolution  of  the  pilot. 
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The  PIO  tendencies  of  the  feedback  mode  A  resulted  in  a  high  workload  during  pre¬ 
cision  tracking.  Therefore  the  pilot  rating  increased  disproportionately  and  the  dot 
appears  over  the  line  drawn  in  Fig.  22. 

Averages  of  pilot  ratings  of  manoeuvrability  for  roll,  pitch,  yaw  and  vertical 
acceleration  are  shown  in  Fig.  23  (upper  half).  Mean  values  of  the  align-time  and  their 
standard  deviation  are  shown  beneath  them.  Pilot  ratings  and  align-times  of  the  feedback 
mode  A  and  B  are  slightly  smaller  than  of  C  and  D. 

The  mean  value  of  the  presented  ratings  was  calculated  and  drawn  against  the  mis¬ 
sion  parameter  of  align-time  in  Fig.  24.  The  slope  of  the  straight  line  is  again  a  sen¬ 
sitivity  of  the  pilot  rating. 

If  the  align-time  increases  by  0.2  sec  the  pilot  rating  will  increase  by  0.5.  These 
values  may  also  represent  the  resolution  of  the  pilot.  Note  feedback  mode  A  with  PIO 
tendencies  yielded  the  smallest  pilot  rating  of  manoeuvrability  and  has  a  good  align- 
time  . 


7.  SIMULATOR  TEST  PROGRAM 

The  purpose  of  the  simulation  was  to  compare  the  advantages  of  the  target  confi¬ 
gurations  A  and  B  and  to  evaluate  the  GRATE  by  varying  flight  configurations  with  known 
handling  qualities  in  a  precise  and  repeatable  manner.  Different  levels  of  time  delay 
and  turbulence  intensity  were  investigated  relative  to  the  baseline  configurations  of  a 
ground  attack  and  a  fighter  aircraft. 

The  transfer  functions  for  the  low-order  simulations  of  the  baseline  aircraft  are 
provided  in  Appendix  B.  They  were  implemented  with  simple,  linear  equations  of  motion  in 
the  LAMARS. 


7.1  MODIFICATIONS  OF  SYSTEM  AND  TEST  CHARACTERISTICS 

Three  time  delays  (TAU1,  TAU2 ,  TAU3)  were  investigated  relative  to  the  baseline 
configurations  by  adding  a  first-order  Pade  approximation  to  the  model  transfer  func¬ 
tions  in  the  longitudinal  and  the  lateral/directional  axes.  Additionally,  each  time 
delay  was  flown  in  three  different  levels  of  turbulence  (ATM1,  ATM2 ,  ATM3).  The  basic 
test  matrix  is  shown  in  Table  1 . 

In  addition  to  the  basic  tests,  approaches  were  flown  with  and  without  turbulence 
with  all  the  lamps  on  to  suppress  the  GRATE.  At  approximately  250  meters  AGL,  the  pilot 
switched  from  aiming  at  the  closest  lamp  to  the  farthest  lamp  to  simulate  an  offset 
manoeuvre.  In  this  way,  it  could  be  determined  whether  the  offset  manoeuvre  was  as 
effective  as  the  GRATE  in  unmasking  poor  handling  qualities.  Due  to  time  constraints, 
only  a  small  portion  of  the  test  matrix  could  be  flown  for  these  investigations. 


7.2  RESULTS  AND  EVALUATION 

Dives  were  simulated  with  target  configurations  A  and  B  displayed  in  the  HUD.  Pi¬ 
lots  liked  the  target  configuration  B  better  than  A.  Approximately  constant  step  sizes 
within  a  dive  was  the  advantage  of  this  arrangement.  So  lamps  were  mounted  in  a  pattern 
of  configuration  B  on  the  terrain  board  for  more  realistic  simulations. 

Results  for  the  baseline  ground  attack  and  fighter  aircraft  with  no  added  time 
delay  are  shown  in  Table  2.  Each  pilot  rating  applies  to  a  set  of  four  data  runs  and 
includes  an  assessment  of  alignment  and  final  tracking  in  the  pitch  and  yaw  axes. 

The  application  of  turbulence  to  the  GRATE  did  not  significantly  affect  the  fly¬ 
ing  qualities  evaluation.  The  turbulence  affected  performance  slightly,  but  making  the 
small  changes  necessary  to  track  the  target  lamps  was  relatively  easy  with  or  without 
turbulence.  These  results  coincide  with  those  of  the  flight  tests  for  low  to  moderate 
turbulence . 

Table  3  summarizes  the  results  of  varying  time  delay  and  turbulence  levels  for 
the  ground  attack  configuration.  Predictably,  the  effect  of  increasing  time  delay  was 
to  induce  closed-loop  oscillations  in  both  pitch  and  yaw  axes.  By  reading  the  ratings 
horizontally,  it  is  concluded  that  the  GRATE  for  no  turbulence  is  as  effective  as  the 
application  of  turbulence  in  identifying  degradations  in  handling  qualities  caused  by 
increasing  time  delays.  There  is  no  tendency  for  increasing  turbulence  intensity  to 
make  ratings  worse,  at  least  in  terms  of  the  Level  rating.  The  pilot,  therefore,  appar¬ 
ently  rated  a  qualitative  degradation  in  flying  qualities  due  to  time  delay  which  was 
not  significantly  affected  by  turbulence. 

Results  for  the  fighter  configuration  using  the  GRATE  were  similar  to  those  for  the 
ground  attack  configuration  and  are  shown  in  Table  4 .  Except  for  the  pilot  rating  of  6 
for  the  large  time  delay  (TAU3 ) ,  once  again  there  are  no  variations  in  the  ratings  which 
depend  on  turbulence . 
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To  check  that  the  GRATE  was  truly  effective  in  unmasking  poor  handling  qualities, 
GRATE  was  suppressed  by  flying  with  all  the  lamps  on.  An  offset  was  simulated  by  tran¬ 
sitioning  from  the  closest  to  the  farthest  lamp  at  about  250  meters  AGL.  The  results  are 
shown  in  Table  5.  Note  that  with  no  turbulence,  the  offset  simulation  failed  to  unmask 
the  degradation  in  rating  due  to  TAUl .  For  TAU2 ,  the  offset  resulted  in  a  degradation  in 
flying  qualities  but  not  to  the  same  extent  as  with  the  GRATE.  The  optimistic  ratings 
for  the  offset  are  due  to  the  pilot  compensating  for  time  delay  and/or  turbulence  by 
flying  very  smoothly,  an  option  which  is  not  available  with  the  high-bandwidth  input 
excitation  of  the  GRATE.  It  is  apparent  from  the  last  row  of  Table  5  that  the  offset 
manoeuvre,  even  with  turbulence,  did  not  consistently  unmask  flying  qualities  deficien¬ 
cies  . 


8 .  CONCLUSIONS 

The  Ground  Attack  Technique  (GRATE)  for  evaluating  closed- loop  handling  qualities 
was  tested  in  a  flight  test  and  a  simulation  program.  The  qualitative  assessment  of 
this  test  method  is  summarized  as  follows- 

•  Pilots  agree  that  this  technique  effectively  portrays  the  flying  qualities  in  a 
ground  attack  dive  under  realistic  conditions. 

•  Due  to  its  reliance  on  visual  cues  providing  a  high  bandwidth  input  excitation 
to  the  pilot-aircraft  system,  GRATE  is  more  thorough  than  turbulence  inputs  in 
unmasking  poor  flying  qualities. 

From  the  quantitative  evaluation  of  aiming  errors  it  can  be  concluded  that  the 
circular  error  probability  around  the  centre  of  the  mean  aiming  point  (CEP  map)  and  the 
align-time  are  correlated  with  mean  pilot  ratings  of  precision  tracking  and  manoeuvra¬ 
bility.  The  comparison  yielded  the  following  sensitivities: 

•  A  change  of  1  mil  of  CEP^AP  resulted  in  a  change  of  0.5  in  the  rating  of  preci¬ 
sion  tracking. 

•  A  change  of  0.2  sec  in  the  align-time  resulted  in  a  change  of  0.5  in  the  rating 
of  manoeuvrability. 

In  the  future,  GRATE  will  be  used  in  critera  investigations  and  flying-quality 
assessments.  Additionally,  a  modified  version  called  ATLAS  (Adaptable  Target  Lighting 
Array  System)  is  being  developed  by  NASA  Ames-Dryden  and  will  be  used  in  a  NASA/AFTPS/ 
DFVLR  cooperative  program  under  the  umbrella  of  the  USAF/FRG  MoU. 
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Time  Delay 
(x/«c) 

Turbulence 
ATM0  ATM1 
(none)  (light-1. 

Intensity  ( fps 
ATM  2 

.5)  (mod. -3.0) 

rms) 

ATM  3 

(heavy-5.0) 

TAUO 

(0.0 

sec) 

X 

X 

X 

X* 

TAU1 

(0.1 

sec) 

X 

X 

X 

- 

TAU2 

(0.2 

sec) 

X 

X 

X 

- 

TAU3 

(0.3 

sec) 

X 

X 

X 

- 

*  ATM 3  unrealistically  severe 


Table  1  Test  Matrix 


Configuration 

ATM0 

ATM  2 

ATM  3 

Ground  Attack  Conf. 

3 

3 

Fighter 

2 

3 

4* 

*  "literally  driving 
flight  test 

task  with 

turbulence 

too  high  for 

Table  2  Turbulence  Influence  on  Baseline 
No  Time  Delay  -  TAUO 

Pilot  Ratings 

Time  Delay 

ATM0 

ATMl 

ATM  2 

TAUO 

3 

3 

3 

TAU1 

3/3* 

3 

- 

TAU2 

4/6 

4 

5 

TAU3 

7/9** 

8** 

8** 

*  "slight  pitch  bobble  for  tracking" 

**  "could  not  perform  task  within  reasonable  tolerance" 


Table  3  Turbulence  and  Time  Delay  Influence  on  the 
Ground  Attack  Configuration  Pilot  Ratings 


Time  Delay 

atmo 

ATMl 

ATM  2 

TAUO 

2 

2 

3 

TAU1 

5 

5 

5 

TAU2 

7 

7 

7 

TAU3 

8 

6* 

8 

*  "not  really  able  to  do  the  task,  but  a  little  better 
than  with  higher  turbulence  level  [ATM2]" 


Table  4 

Turbulence  and  Time  Delay  : 
Fighter  Configuration  Pilot 

Influence 

Ratings 

on  the 

Time  Delay 

GRATE  Technique 

ATMO  ATMl 

Offset 

ATMO 

Manoeuvre 

ATMl 

taui 

5  5 

2 

5 

TAU2 

7  7 

4 

3 

Note:  Offset  ratings  based  on  two  data  runs 


Table  5  Fighter  Configuration  Pilot  Ratings  Comparison 
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Fig.  2  Test  Setup 


Fig.  3  Arrangement  of  Target  Lights 
on  the  Ground 


Fig.  4  A  Lamp  Cross 


•  Targets 


Fig.  8  The  Correlation 


Coefficient  of  Target  Configuration  A 


10  Target 


Area  of  Configuration  A 


Fig.  U  Target 


Area  of  Configuration 


Fig.  17  Circular  Error  Probabilities 

MAP  Mean  Aiming  Point 
TGT  Target 


2.0  T 

ALIGN— TIME 


Fig.  18  Influence  of  Turbulence  on  Alignment 
and  Stationary  Tracking 


Feedback  Mode  C 
Target  Configuration  A 


AUGN-TIME 


Interdependence  of  Circular 
Error  Probabilities  and 
Mean  Pilot  Ratings  of 
Precision  Tracking 
A,  B,  C,  D  Feedback  Modes 


Interdependence  of  Align- 
Time  and  Mean  Pilot 
Rating  of  Manoeuvrability 
A,  B ,  C,  D  Feedback  Modes 
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The  quantities  &e0,  A*o  are  define<3  by  the  pitch  and  yaw  leap  at  the  time  when  the 
leap  occurs. 

The  number  n  is  defined  by  the  numbers  of  leaps  within  a  dive. 

The  statistical  average  of  Q 

E  (Q|  -  p\ 

represents  the  deterministic  time  history  of  the  characteristic  motion  and  has  no  bias 
caused  by  the  random  process. 

The  quantity  Q  and  its  standard  deviation  can  be  calculated  from  test  data. 

A  radius  could  be  ob  lined  from  Q  by  taking  the  square  root.  However,  the  quantity 
Q  may  be  negative.  All  values  can  be  transformed  using  the  equation 

pf  “  /|Q| '  sgn  Q  . 

This  quantity  p  may  be  regarded  as  a  mean  radius  which  is  diminished  due  to  esti¬ 
mated  noise  effects.  Time  histories  are  shown  in  Fig.  16  and  20. 


Appendix  B 


Ground  Attack  Configuration: 


0 

s 


2 


8 


-.0086 

-1.5 

-.019 

deg/nun 

-2.38 

-1.406 

deg/nun 

.0985 

23.5 

5.67 

1.0 

-2.15 

-21.8 

.275 

.0143 

deg/nun 

-.592 

-125 

-49.3 

-5.64 

deg/sec/mm 

-.4 

2.09 

2.2 

-.0327 

deg/sec/nun 

-128 

-52.5 

-5.59 

deg/mm 

1 .07 

33.9 

4.89 

.114 

deg/mm 

-.749 

-135 

15.6 

1.27 

deg/ sec/nun 

-4.24 

-1.86 

-23.9 

-2.53 

deg/sec/mm 

-135 

19,8 

1.71 

deg/mm 

13.9 

262 

49.5 

12.5 

1.0 

Fighter 

a° 

Configuration: 

s1 

a2 

s3 

4 

3 

0.0 

-.89 

-.0198 

deg/mm 

-1.137 

-.948 

deg/mm 

0.0 

9.0 

4.2 

1.0 

0.0 

-.3863 

-.1385 

-.0507 

deg/mm 

0.0 

-134.8 

-29.72 

-10.05 

deg/sec/mm 

0  .0 

-3.115 

-1.56 

-.369 

deg/sec/mm 

-134.8 

-29.72 

-10.05 

deg/mm 

0.0 

5.746 

1.5 

.0179 

deg/mm 

0.0 

-29.26 

.449 

.6638 

deg/sec/mm 

0.0 

-1.33 

-5.43 

-1.27 

deg/sec/mm 

-29.26 

.449 

.8638 

deg/mm 

0.0 

49.0 

26.25 

7.5 

1.0 
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IN  FLIGHT  RELIGHT  TESTS  ON  AM-X  SINGLE  ENGINE  FLY-BY-WIRE  AIRCRAFT 


G.  Menso  and  G.  Gamalero 
AERITALI A 

Combat  Aircraft  Group 
Flight  Test  Department 
1-10072  Caselle  Torinese  (Italy) 


SUMMARY 

The  in  flight  relight  evaluation  of  a  single  engine  aircraft  could  be  considered 
one  of  the  more  interesting  aspect  of  flight  testing. 

When  the  engine  is  intentionally  shut  down  in  flight  to  attempt  the  relight, 
possibility  of  an  unsuccessful  one  must  always  be  taken  into  account  and  therefore  a 
flame  out  landing  must  be  contemplated,  otherwise  the  aircraft  is  lost. 

This  event  may  be  particularly  serious  on  a  fly-by-wire  aircraft  on  which  the  loss  of 
the  engine  and  all  its  driven  accessories  will  make  control  very  difficult  if  not 
impossible . 

Therefore  the  planning  and  the  execution  of  this  kind  of  test  is  not  only  concerning 
the  propulsion  aspects,  but  involves  all  the  aircraft,  because  full  evaluation  (both 
theoretic  and  flight  test)  of  aircraft  and  systems  performance  and  reliability  in 
engine  out  condition  must  be  carried  out  in  advance  of  the  actual  relight  tests. 
Besides  the  relight  evaluation  must  be  carried  out  as  early  as  possible  on  the  program 
to  allow  safe  performing  of  those  tests  that  may  cause  a  flame  out. 

This  paper  describes  all  the  activities  carried  out  by  AERITALI A  Flight  Test  Department 
in  connection  with  relight  tests  of  AM-X  and  may  therefore  be  looked  upon  as  a 
reference  for  smooth  test  planning  and  execution. 


1.  INTRODUCTION 

The  AM-X  is  a  single  engine  fly-by  wire  attack  fighter  with  a  limited  mechanical 
back-up  on  pitch  and  roll  controls.  (Fig.  1). 

The  handling  of  the  aircraft  in  case  of  total  power  loss  (engine  flame  out)  is  degraded 
to  level  3  and  the  pilot  work  load  may  become  very  high,  especially  in  the  landing 
phase . 

The  engine  R.R.  RB168-MK807  fitted  to  the  aircraft  has  no  provision  for  assisted  in 
flight  restart  and  therefore  it  may  be  relit  only  if  sufficient  residual  rotation  speed 
remains  either  for  inertia  (hot  relight  case)  or  windmill  (cold  relight  case). 

The  Overall  Flight  Test  Plan  (OFTP)  includes  several  tests  that  may  cause  an  engine 
flame  out,  that  cannot  be  performed  within  the  glide  recovering  range  of  the  aircraft. 
These  tests  Include  high  angle  of  attack/spin  evaluation,  high  altitude  engine 
handling,  gun  and  missile  firing,  etc.. 

All  these  tests  were  therefore  considered  "high  risk",  unless  the  engine  was  proved  to 
be  easily  relightable  and  safe  procedures  were  defined. 

A  careful  approach  to  the  planning  of  the  test  activity  was  therefore  made  to  allow 
achievement  of  the  best  results  with  the  minimum  risk. 

The  basic  programme  requirements  may  be  summarized  as  follows: 

-  Maximum  safety  was  required,  as  the  implications  of  a  prototype  loss  in  the  early 
stage  of  the  programme  were  considered  unacceptable. 

-  In  flight  relight  tests  had  to  be  performed  as  soon  as  possible  in  the  OFTP  to  allow 
a  smooth  prosecution  of  the  high  flame  out  risk  tests. 

These  basic  requirements  lead  to  follow  four  lines  of  decision  analysis  as  hereinafter 
descr ibed : 

A)  Reduction  to  a  minimum  of  the  risk  of  unsuccessful  relight. 

B)  Choice  of  operation  range  and/or  revision  of  test  aircraft  configuration  to: 

-  Assure  the  best  capability  of  engine  flame  out  landing. 

-  Avoid  unnecessary  cost  and  complexity,  thus  minimizing  the  Impact  of  the  tests  on 
the  OFTP. 

C)  Accurate  planning  of  the  subject  tests  on  the  OFTP  to: 

-  Learn  before  commencing  the  actual  relight  tests  all  what  was  required  to  safely 
performe  (if  required)  a  flame  out  landing. 

-  Define  a  sufficient  relight  boundary  and  optimize  the  associated  procedures  in 
time  to  allow  prosecution  of  the  other  tests. 

D)  Flight  test  Instrumentation  (FTI )/Teleraetry  coverage  improvements  to: 

-  Assist  the  pilot  on  the  pre-relight  checks  and  in  any  case  of  failure. 

-  Extensively  monitor  the  ancillary  systems  to  detect  any  dormant  failure  or  to 
take  care  of  incipient  failure. 

-  Analyse  in  real  time  the  tests  results  thus  speeding  up  test  progress. 

The  decisions  taken  and  the  following  actions  on  the  above  lines  will  now  be  described 
in  detail. 
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2.  MINIMIZING  THE  UNSUCCESSFUL  RELIGHT  RISK 

An  unsuccessful  relight  may  be  caused  by  one  or  more  of  the  following  reasons: 

-  Insufficient  rotational  speed  on  windmilling  condition. 

-  Engine  seizure  due  to  mechanical  damage  or  oil  system  malfunction. 

-  Failure  of  the  ignition  system. 

-  Failure  of  the  fuel  system. 

-  Misprocedure . 

All  these  possibilities  were  carefully  examined  and  a  number  of  actions  carried-out  to 
minimize  the  probability  to  face  them  in  anger. 

To  verify  the  existence  of  sufficient  engine  windmilling  speed  in  the  required  envelope 
an  extensive  evaluation  was  planned  on  the  Rolls  Royce  Altitude  Test  Facilities  (ATF) 
in  Derby  (U.K.)  using  an  engine  with  all  the  aircraft  loads  and  bleeds  properly 
simulated . 

These  tests  will  be  described  in  details  in  the  following  paragraph  2.1. 

The  possibility  of  engine  mechanical  damage  or  failure  was  considered  very  unlikely 
because  the  engine  to  be  used  for  the  in  flight  trials  was  new;  in  any  case  continuous 
monitoring  of  starting  and  run  down  time  and  of  the  vibration  level  was  carried  out. 
To  avoid  any  possibility  of  systems  failure  that  may  cause  unsuccessful  relight, 
appropriate  procedures  were  drawn-up  and  used  during  the  ground  preflight  checks  as 
detailed  on  chapter  2.2  and  before  each  in  flight  shut  down  as  detailed  on  chapter  2.3. 
These  procedures  were  performed  using  telemetry  facility  to  simplify  the  pilot  job  and 
to  cover  also  those  items  not  checked  by  cockpit  panel  (like  igniters  operation, 
battery  voltage,  hydro  accumulators  pressures  etc.}. 

In  addition  the  igniter  plugs  were  periodically  inspected  to  verify  their  condition; 
this  gave  an  opportunity  to  assess  plug  wear  rate. 

2.1.  ATF  Testing 

An  envelope  in  which  sufficient  windmilling  was  expected  to  assure  cold  relight 
was  provided  by  the  engine  Contract  Spec,  although  it  was  drawn  not  taking  Into  account 
air  bleed  and  mechanical  loads  effects  consequent  to  engine  installation. 

An  extensive  campaign  on  Altitude  Test  Facilities  (ATF)  was  carried  out  to  verify  the 
effect  of  installation  on  relight  characteristic. 

Inlet  distortion  was  simulated  through  specially  cutted  distortion  plates,  while  dummy 
loaded  accessories/hydraulic  pumps  and  IDG's  were  fitted  on  Accessories  Gear  Box  ( AGB ) . 
Air  from  HP  and  LP  compressors  was  also  extracted  to  simulate  the  actual  aircraft 
bleed. 

One  of  the  igniters  was  at  the  limits  of  operability,  to  simulate  the  "worn"  case. 

Cold  and  hot  relights  have  been  performed  inside  and  outside  the  Contract  Spec, 
envelope  with  the  aim  to  determine  a  successful  relight  boundary,  to  gather  good  data 
about  windmill  speed  and  to  demonstrate  repeatibility  of  the  data. 

For  this  reason  3  attempts  have  been  made  for  each  test  point  and  only  when  all  three 
were  successful,  the  point  was  considered  achieved. 

During  this  test  the  performance  of  hydraulic  pumps  at  very  low  engine  drive  speed  was 
assessed.  Some  checks  were  also  done  to  verify  the  capability  of  the  engine  to  recover 
windmill  speed  by  increasing  Mach  number  from  condition  well  outside  relight  envelope, 
simulating  an  actual  dive  profile  of  the  aeroplane. 

The  tests  were  carried  out  in  July  1985  and  the  following  results  were  achieved: 

-  The  Contract  Spec,  relight  envelope  was  demonstrated  also  for  the  installed  engine. 

-  The  minimum  windmill  speed  to  achieve  positive  relight  was  found  to  lay  well  outside 
this  envelope.  Also  high  Mach  number  tests  were  successful. 

-  A  good  definition  of  the  actua  windmill  speed  to  be  expected  on  aircraft  was 
achieved  (with  accessories  loaded  and  unloaded). 

-  Effect  of  fuel  type  was  assessed  and  found  negligible. 

-  Effect  of  air  bleed  on  windmill  speed/relight  characteristics  was  found  negligible, 
while  accessories  mechanical  drag  was  found  to  reduce  the  achievable  windmill 
speed  by  about  3%. 

-  The  capability  of  the  engine  to  recover  its  windmill  speed  consequently  to  an 
airspeed  undershoot  was  demonstrated. 

-  The  capability  of  hydraulic  pumps  to  deliver  enough  pressure/flow  to  power  primary 
flight  control  at  low  windmill  speed  was  demonstrated. 

A  summary  of  performed  tests  is  shown  at  fig.  2. 


2.2.  Procedure  pre-flight 

Before  each  of  the  dedicated  flight,  in  addition  to  the  standard  preflight 

procedure,  some  special  checks  were  scheduled. 

These  checks  Included: 

-  A  full  check  on  ignition  operation,  checking  each  single  plug  by  disconnection  of  the 
appropriate  circuit  breaker. 

-  A  check  of  the  emergency  rudder  operation,  for  what  concern  both  hydraulic  supply  and 
computer  DC  powered  operation. 

-  A  check  of  all  emergency  trims. 

-  A  check  of  the  operation  of  DC  supplied  emergency  fuel  pumps. 

-  A  check  of  the  operation  of  the  special  battery  supplied  FT I  system. 

-  A  check  of  the  proper  auto  reversion  of  the  essential  DC  bus  to  battery  supply 

consequent  to  IDG's  deselection. 

-  A  check  of  the  emergency  demist. 

-  An  engine  hot  relight  to  overcheck  the  complete  operation  of  engine  and  related 
systems . 
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During  the  taxi  phase  a  check  of  emergency  brakes  was  also  performed. 

All  the  above  checks,  although  time  consuming,  were  found  very  useful  to  assure  perfect 

serviceability  of  all  emergency  devices  and  to  give  confidence  to  the  pilot  about  the  i 

safety  devices  and  the  procedures. 

The  careful  monitoring  of  all  these  procedures  through  the  telemetry  gave  confidence  j 

about  the  real  time  facilities  and  the  correct  operation  of  the  FT I . 


2.3.  In  flight  check 

The  first  test  or  each  flight  was  performed  simulating  an  engine  out  descent, 
approach  and  touch  and  go  with  the  engine  at  idle  and  mechanical  flight  controls. 

This  with  the  purpose  to  familiarize  the  pilot  with  the  profile  to  be  adopted  for  the 
specific  test,  taking  all  the  necessary  reference  points,  and  to  check  the  weather 
conditions  in  terms  of  visibility  and  umidity  (to  evaluate  possible  misting  condition 
in  the  ECS  off  condition). 

When  these  tests  were  successfully  performed  the  actual  relights  were  carried  out. 

In  addition  and  in  particular  for  the  first  phase  of  testing  the  system  to  be  lost  as 
consequence  to  engine  flame  out  (ECS,  HYDRAULIC  PUMPS  and  GENERATORS)  were  all  selected 
off  before  actual  shut  down  to  check  proper  switch  over  to  emergency,  thus  avoiding  non 
return  situation. 

The  flaps  were  preselected  in  the  MANOEUVRE  position,  that  was  found  the  optimum 
configuration  for  an  engine  out  approach  and  landing. 


3.  CHOICE  OF  AIRFIELD  AND  AIRCRAFT  CONFIGURATION 


Consideration  was  made  early  in  the  test  planning  whether  to  perform  the  tests  on 
other  airfield  than  the  AIT  Caselle  home  base. 

Caselle,  (see  fig.  3)  is  a  civil  airport  with  a  1.6  mile  single  runway  and  with  the 
over-the-f ield  area  subjectet  to  civil  traffic  restrictions.  The  AIT  test  are  normally 
conducted  on  a  test  area, the  closest  corner  of  which  being  about  20  miles  from  Caselle. 
The  use  of  airfields  like  Edwards  AFB  or  Istres  (France)  that  have  their  own  over-the- 
field  area  fully  available  for  test  purposes  and  unlimited  landing 
undoubtly  safer  in  case  of  forced  engine  out  approach  and  landing. 

This  opportunity  was  disregarded  because  of  the  complexity  and  the  cost 
operation  and  because  it  was  not  felt  compatible  with  the  OFTP .  This  kind  of  operation 
would  infact  imply  to  dedicate  one  prototype  and  all  associated  personnel  and  equipment 
to  one  task  only  for  a  significant  period  of  time. 

An  agreement  was  reached  with  the  airport  authority  to  allow  priority  to 
aircraft  on  predetermined  slots  in  the  part  of  the  day  when  civil  traffic  is 
while  a  study  of  meteo  statistic  did  show  the  summer  weather  to  be  ideal. 

The  performance  evaluation  carried  out  in  advance  confirmed  the  validity 
decision,  allowing  the  definition  of  a  satisfactory  emergency  procedure  from 
range  to  the  Caselle  airfield. 

Modifications  were  then  introduced  to  the  concerned  prototype  to  optimize  the  flame  out 
performance . 


runways , 


of  such  an 


the  test 
minimum. 


of 
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this 

test 


3.1.  Aircraft  configuration  in  engine  out  condition 

The  flame  out  of  the  engine  causes  in  the  AM-X,  in  addition  to  primary  power  loss, 
a  degradation  of  the  basic  systems  as  hereinafter  detailed: 

Primary  flight  controls. 

Longitudinal  control:  In  normal  condition  the  longitudinal  controls  functions  are 
performed  through  stabilizer  and  elevator. 

In  engine  out  condition  the  control  signal  of  the  stick  is  mechanically  transmitted  to 
the  elevator  which  is  therefore  controlled;  the  graduality  of  the  transient  between 
hydraulically  powered  to  manual  control  is  guaranteed  by  two  accumulators. 

Stabilizer  surface  and  its  functions  (i.e.  longitudinal  control  and  artificial  damping) 
are  lost.  The  stabilizer  actuation  system  is  still  able  to  exercise  a  trimming 
function,  through  an  emergency  electrical  motor  powered  by  the  battery. 

Lateral  control:  In  normal  condition,  the  lateral  controls  functions  are  performed 
through  spoilers  and  ailerons. 

In  engine  out  condition  the  control  signal  of  the  stick  is  mechanically  transmitted  to 
the  ailerons  which  are  manually  controlled;  the  transient  from  hydraulical  power  to 
manual  control  is  guaranteed  by  two  accumulators. 

Spoiler  surfaces  and  their  functions  (i.e.  later  control,  artificial  damping,  air 
brakes  and  lift  dumpers)  are  lost. 

Directional  control:  In  normal  condition,  the  directional  functions  are  exercized 
through  rudder  actioning. 

In  engine  out  condition,  the  rudder  control  is  no  more  operative  and  the  surface  will 
lay  in  the  fin  wake. 

Secondary  flight  controls  (flap  and  slat): 

It  will  remain  locked  on  preselected  position. 


.  t 


Environmental  Control  System  (ECS)  &  Pressurization: 

It  will  be  lost  in  a  time  dependant  on  leakage.  An  emergency  ram  air  scoop  is  available 
at  low  speed/altitude.  No  demist  is  available. 

Electrical  power: 

Alternate  Current  (A.C.)  power  is  lost.  All  essential  equipments  are  battery  supplied 
tor  at  least  20  min.  b*  auto  switchover  to  essential  Direct  Current  (D.C. )  bar. 

Fuel  system: 

Normal  fuel  boosting  is  A.C.  power  operated  and  will  therefore  be  lost. 

Emergency  D.C.  operated  pump  is  available  and  will  automatically  be  switched  on  when 
normal  boosting  stops,  by  means  of  a  pressure  switch  on  supply  line. 

Undercarriage  (U/C): 

Could  be  lowered  with  a  dedicated  accumulator. 

Brakes : 

Emergency  brakes  will  be  operated  through  a  dedicated  accumulator  (antiskid  will  be 
lost )  . 

Steering: 

Steering  operation  is  lost  due  to  either  hydraulic  and  electric  power  loss  to  the 
system. 

Aircraft  can  be  controlled  using  asymmetric  emergency  braking. 


3.2.  Modifications  to  aircraft  standard  introduced 

In  accordance  with  the  results  of  ground  and  flight  investigatory  tests,  in  order 
to  bring  the  aircraft  to  the  maximum  safety  standard  envisaged,  a  number  of 
modifications  have  been  embodied  on  the  aircraft  in  order  to  allow  the  availability  of 
some  system,  considered  highly  desirable  in  case  of  engine  out  landing. 

The  modifications  embodied  are  the  following  (as  shown  on  fig.  4): 

Emergency  rudder. 

The  unavai lability  of  rudder  control  in  engine  out  condition  was  considered  hazardous 
for  landing,  specially  in  the  case  of  lateral  gusts  during  the  final  approach  phase. 

The  aircraft  was  therefore  implemented  with  an  "emergency  rudder"  system  introducing 
the  following  modifications: 

a)  -  Connection  of  the  rudder  actuator  to  the  hydraulic  gun  accumulator  (not  utilized, 

since  the  gun  is  not  fitted  on  the  prototype). 

b)  -  Connection  of  the  n<>  2  Flight  Control  Computer  electrical  supply  to  the  battery 

bus  bar. 

c)  -  Installation  in  the  cockpit  of  an  "emergency  rudder"  switch. 

The  operation  of  the  above  switch  determines:  hydraulic  power  supply  to  the  rudder 
actuator,  automatic  reset  of  the  rudder  failure  on  the  interested  Flight  Control 
Computer,  full  rudder  authority  (♦  300)  also  in  the  manoeuvre  flaps  configuration, 
otherwise  limited  to  +  7.5°. 

Emergency  steering. 

The  availability  of  the  steering  during  the  ground  roll  in  case  of  engine  out  landing 
was  considered  mandatory,  and  for  this  reason  the  "emergency  steering"  system  was 
embodied  on  the  aircraft. 

The  following  modifications  have  been  therefore  introduced: 

a)  -  Connection  of  the  steering  actuator  to  the  gun  accumulator  (as  already  done  for 

the  "emergency  rudder"). 

b)  -  Connection  of  the  steering  system  electrical  supply  to  the  battery  bus  bar. 

Selection  of  the  emergency  steering  was  left  on  the  same  switch  on  the  stick  used  for 
normal  steering  engagement. 

The  tests  carried  out,  results  achieved  and  selection  procedure  of  these  two  emergency 
systems  are  described  in  para  4. 

Emergency  demist. 

An  emergency  D.C.  powered  demist  fan  was  installed  on  the  aeroplane,  replacing  the 
standard  A.C.  powered  system. 

This  new  system,  tested  on  actual  misting  conditions,  was  found  to  be  only  partially 
effective  and  therefore  a  special  anti  misting  fluid  was  used  (CHEMICAL  COMMODITIES 
AGENCY  INC.  MIL-A-21071B) . 

Emergency  bus  bar  ( PP3 )  and  battery  bus  (PP4). 

A  revision  of  the  load  distribution  between  the  TRU  supplied  bars  and  the  battery 
supplied  bars  (PP3  /  PP4 )  was  done. 

This  led  to  the  decision  to  partly  revise  this  distribution,  connecting  all  ignition 
associated  items  on  the  PP4  (always  battery  supplied)  and  adding  on  the  PP3  emergency 
bus  some  load  like  the  pitot  heater,  the  above  mentioned  emergency  demist,  flight 
computer  and  steering  box,  plus  same  cockpit  instrument  judged  useful  for  the  purposed 
test . 
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3.3.  Modification  disregarded  ^ 

In  the  early  phase  of  the  relight  test  planning  some  further  modifications  to 
aircraft  standard  were  considered  but  then  disregarded.  1 

It  is  wo 4  li.  uw  mention  such  modifications  and  th_  reasons  ioz  disie jitding . 

In  flight  engine  starter. 

Before  reliable  data  on  the  windmilling  speed  of  the  loaded  engine  became  available 
from  ATF  tests,  the  possibility  to  fit  a  special  starter  to  motor  the  engine  in  any 
case  to  the  required  speed  was  taken  into  account. 

The  complexity  of  design,  purchase  and  qualification  of  such  a  system,  associated  with  j 

the  good  results  from  ATF  tests  and  the  demonstration  of  the  good  capability  of  the  ] 

aircraft  to  safely  land  in  engine  out  condition,  led  to  disregard  this  modification. 

Duplication  of  plugs  power  supply.  ^ 

Consideration  was  also  made  whether  to  separate  the  power  supply  of  the  two  igniter 
boxes  and  plugs. 

Also  this  modification,  even  if  felt  of  some  utility  in  order  to  increase  safety,  was 
disregarded  because  of  the  complexity  and  the  very  long  time  required  to  realize  such  a 
system. 

Instead  a  procedure  to  closely  check  ignition  system  serviceability  was  adopted. 

Lift  dumpers  and  airbrakes  emergency  operations. 

These  systems  were  proved  to  be  not  mandatory  for  a  safe  recovery  of  the  aeroplane 

and  therefore  any  attempt  to  assure  some  hydraulic  supply  to  them  was  disregarded.  ' 

Additional  hydraulic  power  supply. 

Again  the  preliminary  tests  performed  were  very  encouraging  because  of  the  long  > 

endurance  of  the  already  available  accumulators  and  of  the  hydraulic  supply 

character istics  at  low  engine  speed.  Therefore  any  attempt  to  install  an  emergency  i 

hydraulic  power  source  (RAT  or  EPU)  was  judged  unnecessary  and  disregarded. 


4.  RELIGHT  TEST  PLANNING 

An  extensive  plan  of  investigatory  ground  and  flight  test  was  drawn  and  scheduled 
to  be  performed  at  the  early  possible  stage  of  prototype  activity  to  collect  all  the 
information  considered  necessary  for  a  safe  recovery  and  landing  of  the  aircraft  in 
case  of  unsuccessful  relight. 

These  test  include  basically: 

-  Evaluation  of  glide  descent  and  landing  performance  with  various  flap  setting. 

-  Evaluation  of  degraded  controls  handling  qualities. 

-  Ground  and  inflight  evaluation  of  emergency  systems  operation  and  performance. 

All  these  tests  are  extensively  detailed  in  the  following  subchapters. 


4.1.  Evaluation  of  glide  performance 

4.1.1.  Choice  of  aerodynamic  configuration 

In  engine  flame  out  flaps  and  slats  will  remain  locked  in  the  preselected 
position;  therefore  an  analysis  was  carried  out  to  identify  the  best  aerodynamic  wing 
configuration  to  be  adopted  during  the  relight  trials. 

For  this  reason,  using  flight  matched  aerodynamic  data,  max  efficiency,  best  glide 
speed  and  maximum  glide  distance  were  estimated  for  the  selectable  flap/slat  position. 
According  to  the  results  of  this  analysis,  the  high  lift  configuration  was  rejected 
because  of  the  low  efficiency  and  therefore  reduced  glide  distance  capability. 

Then  the  manouvre  wing  configuration  was  preferred  to  the  clean,  mainly  because  the 
lower  touchdown  speed  allowed,  combined  with  the  sufficient  glide  distance  capability. 
For  these  reasons  all  the  investigatory  tests,  as  well  as  the  actual  relight  test,  have 
been  performed  in  the  manouvre  wing  configuration. 


4.1.2.  Saw-tooth  descent 

Purpose  of  these  tests  was  the  experimental  verification  of  the  rate  of  descent 
(R/D)  and  dive  angle  (GAMMA)  as  a  function  of  speed  and  engine  rating,  in  order  to 
identify  the  most  representative  configuration  to  be  used  during  the  following 
investigatory  trials  aimed  to  assess  flame  out  recovery  profile. 

For  this  reason  a  number  of  test  has  been  carried  out  at  different  engine  rating  (NH), 
with  undercarriage  UP  and  DOWN  at  several  altitudes. 

The  tests  results  did  show  the  most  representative  configuration  of  engine  out  gliding 
to  be  the  82%  NH  and  undercarriage  DOWN  (fig.  5a). 

Nevertheless  because  of  the  undercarriage  speed  limitation  it  was  decided  to  simulate 
the  engine  out  condition  in  the  60%  NH  and  undercarriage  UP,  bearing  in  mind  that  this 
condition  was  conservative  against  actual  (fig.  5b). 


J 
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4-1.3.  Descent  profile  for  relight  test 

The  choice  of  the  profile  for  the  first  relight  flight  has  been  dictated  by  the 
need  to  performe  the  first  attempt  in  the  center  of  the  envelope  investigated  during 
the  ATF  tesU  taee  fig.  14). 

Besides  it  was  decided  to  plan  the  ests  at  such  an  altitude  that  would  allow  to 
perform  a  second  attempt  in  case  of  need,  increasing  the  windmilling  speed  by  a 
constant  Mach  descent. 

This  second  attempt  should  have  been  terminated  at  an  altitude  (10000  ft)  sufficient  to 
acquire  if  necessary,  the  flame-out  landing  circuit  (FOLC)  keypoint,  i.e.  8000  ft, 
200  Kts . 

As  a  consequence  of  above  requirements,  the  flight  profile  for  the  first  relight  flight 
resulted  as  shown  in  fig.  6. 

This  profile  has  been  repeated  several  times  to  check  its  feasibility  and  to  collect 
all  the  useful  data,  like  total  distance  covered,  time  elapsed  from  engine  shut  down  to 
touch-down,  duration  of  the  elevator  and  aileron  accumulators,  dive  angles  to  be  main¬ 
tained  to  acquire  step-by-step  the  profile  key-points,  etc. 

For  each  of  the  points  performed  a  descent  profile  similar  in  principle  to  the  one 
above  discussed  has  been  identified  and  actually  performed  before  shut  down  at  least  up 
to  the  FOLC  key-point. 


4.1.4.  Flame-out  landing  circuit  (FOLC)  from  the  key-point  8000  ft/200  Kts 

According  to  the  theoretical  and  flight  test  data,  and  for  similarity  to  other 
aircrafts,  the  FOLC  procedure  has  been  choosen  as  shown  in  fig.  7. 

The  feasibility  and  the  adequacy  of  this  profile  have  been  initially  checked  flying 
with  the  F.C.S.  in  normal  conditions  and  with  the  engine  as  required;  then  the  engine 
rating  has  been  reduced  to  idle  and  the  F.C.S.  has  been  degraded  to  the  configuration 
most  representative  of  the  engine  out  conditions,  i.e.  stabilizer,  spoilers  and  rudder 
disconnected . 

Initial  simulated  flame-out  tests  showed  an  area  of  possible  danger  when  landing 
without  rudder,  specially  in  the  case  of  lateral  wind  gusts  during  the  final  approach 
phase.  For  this  reason  the  modification  already  described  to  make  available  (at  least 
for  the  final  approach)  the  rudder,  has  been  studied  and  implemented  on  the  aircraft 
before  the  first  relight  flight. 

Flight  data  gathered  during  these  investigatory  tests  showed 
that  the  selected  flame-out  procedure  was  easy  and  successfully  carried  out  also  in 
case  of  an  offset  of  up  to  50  degrees  in  the  heading  and  up  to  t  1500  ft  in  the 
altitude  at  the  keypoint. 

In  this  last  case,  it  becomes  very  important  the  choice  of  the  moment  for  undercarriage 
lowering,  since  it  causes  a  variation  of  the  irate  of  descent  of  1000  ft/mi n.  which  at 
the  speed  of  180  Kts  (typical  of  the  engine-out  final  approach)  represents  a  variation 
of  30  in  the  flight  path  angle. 

This  would  allow  an  adjustment  of  the  flight  path  of  the  aircraft  in  order  to  achieve 
the  best  touch-down  point  in  the  runway. 


4.1.5.  Final  approach  and  landing 

As  previously  mentioned,  all  the  tests  were  carried  out  in  the  manoeuvre  flaps 
configuration  and  were  mainly  aimed  to  define  the  best  incidence/speed  during  the  final 
approach  and  at  touch-down  and  to  evaluate  the  adequacy  of  the  emergency  longitudinal 
trim  speed. 

Results  gathered  allowed  the  definition  of  the  suggested  conditions  for  a  possible 
engine  out  landing  in  manoeuvre  flaps,  which  are  the  following. 

Stabilizer  trim  3s  *  -4  f  -5° 

approach  =  100 

touch-down  =  120 


These  incidence  values  correspond  to  an  approach  speed  of  approximately  180  Kts  and  at 
a  touch-down  speed  of  about  160  Kts,  which  are  acceptable  specially  for  an  emergency 
landing . 


4.1.6.  Aerodynamic  braking 

These  tests  were  originally  planned  up  to  incidences  of  14®  cl  ,  but  were 
interrupted  at  11°  oC  ,  because  showed  poor  efficiency  and  may  cause  an  overcontrol, 
with  consequent  longitudinal  pilot  induced  oscillation  (PIO>.  Nevertheless  the  tests 
carried  out  have  been  useful  to  make  an  estimation  of  the  barrier  engagement  speed,  in 
the  case  of  landing  without  brakes  (see  fig.  8). 

Assuming  infact  a  touch-down  point  located  at  1/3  of  the  runway,  and  decelerating  the 
aircraft  without  braking  in  the  remaining  runway,  the  barrier  engagement  speed  was 
found  to  be  about  110  Kts. 
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4.2.  Evaluation  of  degraded  controls  handling  qualities. 

As  said  above  early  evaluation  of  full  mechanical  controls  confirmed  the 
prediction  of  poor  handling  qualities  and  very  high  pilot  work  load  to  fly  in  this 
condition , 

The  handling  qualities  on  powered  controls  (no  cs )  were  instead  found  good  enough  to 
attempt  a  full  landing,  provided  that  rudder  is  available. 

Therefore,  after  the  Introduction  of  the  already  described  emergency  systems,  the 
evaluation  was  concentrated  on  manual  powered  controls  handling  mainly  for  what 
concerns  the  duration  of  accumulators  and  hydraulic  supply  available  on  engine  out 
condition . 


4.2.1.  Low  engine  speed  hydraulic  power  supply. 


An  investigation  was  carried  out  to  verify  the  capability 
to  supply  emergency  flight  controls  at  low  engine  speed. 

The  engine  windmill  speed  condition  was  simulated  by  supplying 
engine  starter  from  an  external  air  supply  trolley. 

The  tests  showed  that  at  low  windmill  down  to  the  minimum  for 
flight  controls  demand  could  be  more  than  met  by  one  hydraulic 


of  one  hydraulic  system 

a  reduced  airflow  to  the 

relight  (duouc  19%),  the 
system. 


4.2.2.  Verification  of  elevator  and  aileron  accumulators  endurance. 

This  verification  h«s  been  carried  out  in  conjunction  with  the  accompl ishement  of 
the  descent  profile  (see  para  4.1.3.),  continuing  the  flight  after  the  wawe-off  on  the 
runway  in  hydraulic  off  condition,  up  to  the  reversion  in  manual  mode. 

Data  obtained,  gave  the  evidence  that  the  duration  of  both  aileron  and  elevator 
accumulators  before  discharge  and  revision  to  manual  mode,  was  of  the  order  of  9  min. 
Since  the  average  duration  of  the  various  flight  profiles  from  shut-down  to  eventual 
landing  was  found  around  7  min.,  it  was  concluded  that  the  charge  of  the  accumulators 
itself  was  capable  to  assure  hydraulically  powered  flight  controls  for  the  complete 
engine  out  descent  up  to  the  touch-down.  This  in  association  of  what  said  at  4.2.1. 
gave  full  confidence  about  ability  to  land  on  powered  controls. 


4.2.3.  Verification  of  emergency  rudder  &  steering  accumulator  endurance. 

Ground  test  carried  out  demonstrated  the  capability  of  the  system  implemented  on 
the  aircraft  to  guarantee  the  availability  of  rudder  and  steering  during  the  approach, 
landing  and  ground  rolling  phases. 

Pig.  9,  referring  to  a  low  speed  taxi,  shows  that  the  hydraulic  power  available  allows 
quite  a  number  of  rudder  and  steering  manoeuvres  before  discharging. 

Nevertheless,  due  to  the  big  amount  of  leakages  present  in  the  hydraulic  line  of  the 
accumulator,  this  endurance  is  remarkably  reduced  if  the  system  is  connected  long 
before  it  is  used. 

For  this  reason  it  was  decided  to  recommended  the  selection  of  the  emergency  rudder 
steering  1  min.  before  the  foreseen  touch-down. 


4.3.  Emergency  systems  evaluation. 

4.3.1.  DC  Pump  supply  characteristics. 

A  full  evaluation  of  the  feeding  character istics  in  emergency  condition  (DC  pump) 
was  carried  out  on  the  ground  and  in  flight. 

The  results  showed  that,  as  predicted,  enough  fuel  feeding  was  guaranteed  at  all  engine 
speeds  and  altitudes. 


4.3.2.  Battery  endurance. 

A  battery  endurance  test  was  performed  on  ground  running  the  engine  with  IDG's  OFF 
and  simulating  full  in  flight  load  with  externally  connected  resistance. 

The  endurance  was  found  to  be  twice  the  minimum  assumed  necessary  for  relight  purposes. 


4.3.3.  Other  emergency  utility  systems. 

Test  of  the  other  emergency  systems  like: 

Emergency  demist  * 

Emergency  undercarriage 
Arrestor  hook 

were  successfully  performed  at  an  early  stage  of  the  program  and  therefore  were  not 
Included  In  this  part  of  investigatory  test. 


5.  FLIGHT  TEST  INSTRUMENTATION  (FTI )  /  TELEMETRY  COVERAGE 


5.1.  Airborne  instrumentation  facilities. 

In  the  standard  conf igurat ion,  in  case  of  total  A.C.  power  failure  (engine  out 

condition! ,  only  tht  Aw-ident  Data  Recorder  (ADR)  remains  operating  through  the 

standard  aircraft  battery. 

To  cope  with  the  requirement  of  the  relight  test  and  to  reduce  the  load  on  aircraft 

battery,  improving  its  endurance,  it  was  decided  to  provide  the  FTI  with  its  own 

power  source.  Therefore  dedicated  FTI  battery  (of  the  same  type  of  normal  aircraft 
battery  for  commonality  reason),  additional  FTI  inverter  to  supply  A.C.  powered  items 
and  all  the  required  control  devices  were  embodied. 

This  alternative  power  source  was  operable  by  the  pilot  through  a  simple  special  panel 
in  the  cockpit  and  used  only  during  the  specific  phase  of  the  flight  when  it  was 
required  (eng.  out  conditions).  The  FTI  equipement  supplied  with  this  alternative  power 
source  was: 

-  the  ADR  system 

-  the  telemetry  to  the  Ground  Station  (both  transmitters;  pilot  speech  included) 

-  the  C.G.  package  accelerometers  and  rate  gyros 

-  the  CR0U2ET  digital  and  analog  transducers  (Airspeed  and  Altitude) 

-  the  Time  Coding  System 

-  the  FM  Multiplexing  System 

-  the  Tape  Recorder 

-  the  PCM  System,  including  all  the  transducers  power  supply 

-  the  SYP  820  inertial  platform. 

All  the  unnecessary  FTI  devices  like  cameras,  flutter  stores  controls,  bonkers  etc. 
were  automatically  switched  off  at  the  selection  of  emergency  FTI  to  minimize  the 
battery  load  and  to  increase  endurance. 

The  supply  of  SYP  820  was  found  useful  also  to  maintain  attitudes  display  to  the  pilot 
in  addition  to  emergency  stand-by  instruments. 

A  scheme  of  the  special  supply  system  is  shown  at  fig.  10. 

I*  is  worth  mentioning  that  a  specific  calibration  of  the  pilot  engine  speed  indicator 
(that  war  not  required  to  be  particularly  accurate  in  the  low  speed  range)  was  done. 

The  units  (two  were  tested)  to  be  used  were  found  to  be  particularly  accurate 
less  than  t  0.5%)  in  ai*  the  range,  down  to  about  4%  where  the  indicator  drops  to  zero. 


5.2.  Real  time  monitoring  facilities. 

Extensive  use  of  real  time  data  transmission  via  telemetry  link  is  made  in  the 
AM-X  Flight  Test  Programme. 

For  the  specific  relight  tests  phase  this  facility  was  considered  mandatory  and  to  cop» 
with  program  requirement  some  special  features  were  introduced. 

The  test  aircraft  was  provided  with  a  dual-channel  transmitter  allowing  continuity  of 
data  link  with  the  Control  Room  where  a  large  number  of  parameters  were  displayed 
throughout  the  flight. 

The  standard  "Control  Room"  facility  consists  of  a  number  of  work  stations 
provided  with  an  8  channels  strip  chart  pen  recorder,  a  video  display  with  capability 
to  recall  different  "menus"  of  parameters  and  in  addition,  a  number  of  digital  displays 
to  monitor  general  interest  flight  parameters.  A  picture  of  the  control  room  is  shown 
at  fig.  11. 

A  fifth  work  station,  provided  with  the  same  facilities  but  not  the  pen  recorder,  is 
available  to  the  test  conductor,  giving  the  possibility  to  monitor  aircraft 
configuration,  flight  conditions  etc.. 

During  the  relight  tests  the  work  stations  have  been  used  to  monitor  engine,  systems, 
flight  control  and  flight  mechanic  parameters,  giving  the  flight  test  engineers  all  the 
information  necessary  to  help  the  pilot  in  carrying  out  the  test  in  the  safest  way. 
Parameters  like  hydraulic  accumulators  residual  pressures,  aircraft  and  FTI  battery 
voltage,  emergency  fuel  pumps  pressures,  were  carefully  monitored  to  alert  the  pilot  in 
case  of  any  early  sign  of  system  degradation  and  also  to  allow  decision  about  the 

number  of  actual  attempt  to  be  carried  on  during  the  flight. 

A  data  bank  containing  the  windmilling  data  gathered  on  ATF  tests  was  prepared  and 

this  allowed  a  continuous  display  of  the  expected  windmill  speed  to  be  compared  with 
the  actual. 

A  graphic  presentation  of  the  actual  aircraft  flight  condition  against  envelope  and 
expected  windmill  speed  was  also  obtained  using  video  graphic  display  facilities. 

Due  to  the  low  resolution  of  the  standard  pen  recorded,  extensive  use  of  a  ES  1000 
electrostatic  recorder  was  made.  This  gave  possibility  to  display  essential  parameters 
like  NH,  TGT,  Throttle  on  high  resolution  time  histories  being  paper  size  of  300  mm 
fully  available  for  each  trace. 

Furthermore  a  temporary  memory  area  was  available  allowing  telemetry  real  time  data 

storage.  This  allowed,  immediately  after  each  test,  more  sophisticated  analysis  in 

"quasi-real  time"  (QUARTAS)  mode,  using  special  tailored  software. 

All  these  facilities  allowed  to  adopt  a  bu)ld  up  of  the  test  programme  whithin  the  same 
flight,  maintaining  the  required  maximum  safety  criterion.  Some  of  the  menus  used 
for  this  exercise  are  shown  at  fig.  12  and  13. 
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6.  RELIGHT  TEST  CARRIED  OUT 

The  objectives  of  the  in  flight  relight  test  carried  out  were: 

-  To  demonstrate  the  ho*-  relight  capabilities  on  the  whole  operational  envelope  of  the 
aeroplane . 

-  To  demonstrate  the  cold  relight  envelope  drawn  by  the  engine  manufacturer  and 
successfully  tested  in  ATF,  verifying  the  consistency  of  the  predicted  windmll 
speeds . 

Particular  care  in  the  test  planning  was  adopted  in  order  to  allow  a  safe  build  up. 

The  first  test  point  for  a  cold  relight  attempt  was  chosen  with  the  following 
criteria : 

-  To  be  well  inside  the  predicted  envelope. 

-  To  be  at  an  altitude  and  Mach  number  that  could  allow  more  than  one  attempt,  in  case 
of  failure,  maintaining  constant  Mach  by  loosing  altitude  (and  therefore  increasing 
windmill  speed). 

The  first  hot  relight  test  point  was  planned  to  be  executed  before  the  cold  attempt  in 
a  condition  allowing  to  get  the  cold  relight  condition  in  case  of  failure. (See  fig. 14). 
This  initial  point  was  successfully  repeated  three  times  to  assure  full  consistency  of 
the  results. 

When  this  part  of  the  envelope  was  considered  achieved,  two  more  cold  attempts  were 
done  at  higher  and  lower  altitude  following  the  line  of  constant  windmill  speed  drawn 
from  ATF  tests,  to  fully  confirm  that  line. 

Each  cold  relight  was  always  preceded  by  an  hot  attempt,  that  would  had  lead  to  the 
next  planned  cold  point  in  case  of  unsuccess. 

When  this  central  area  of  the  envelope  was  cleared  and  windmill  speed  well  defined,  all 
the  other  points  were  performed  reaching  in  steps  the  corners  of  the  envelope. 

They  were  always  planned  in  such  a  way  to  allow  recovery  to  the  already  acquired  area 
in  case  of  failure. 

This  first  exploration  was  done  reducing  to  a  minimum  the  airbleeds  and  the  power  off¬ 
take  from  the  engine  and  using  JP8  (AVTUR)  fuel  that,  while  shown  irrelevant  insofar 
the  relight  itself  was  concerned  by  the  ATF  results,  allows  a  minor  improvement  of  the 
emergency  fuel  supply  characteristics  by  the  DC  powered  fuel  pump. 

Subsequently  a  number  of  points  on  the  corners  of  the  envelope  have  been  repeated  with 
alternate  fuel  JP4  (AVTAG)  and  then  applying  the  full  bleed  and  load  to  the  engine. 

This  because,  although  the  pilot  could  switch  bleeds  and  loads  off,  it  was  considered 
essential  to  verify  that  no  dramatic  deterioration  of  the  relight  characteristics  would 
be  caused  by  a  pilot  misprocedure . 

.'utoignit  ion  system  provided  on  the  aeroplane  was  also  tested  in  the  latest  phase  of 
testing. 

71. is  system  provides  automat ically  ignition  to  the  engine  when  throttle  is  above  IDLE 
and  NH  falls  to  sub  idle  (NH^50%)  thus  restarting  the  engine  whitout  any  pilot 
operation . 

No  tests  were  conducted  below  10000  ft  because  relight  performance  below  that  altitude 
is  not  expected  to  worsen  and  relight  done  at  low  altitude,  if  for  any  reason 
unsuccessful,  may  lead  to  lose  the  aircraft,  being  glide  range  not  enough  to  get  back 
to  the  field. 

It  should  always  be  born  in  mind  that,  when  an  engine  is  shut  down,  a  remote 
possibility  that  it  will  not  relight  always  exists  for  a  number  of  unpredictable 
reasons  including  misprocedure. 


7.  TEST  RESULTS 

All  the  tests  performed  were  successful  and  fully  demonstrated  the  expectation 
and  ATF  prediction. 

In  particular  the  engine  windmill  speed  was  exceptionally  close  to  what  found  on  ATF, 
demonstrating  how  representa t i ve  these  tests  were. 

The  measured  peak  turbine  gas  temperature  ( TGT }  was  found  about  50  °C  warmer  than  on 

ATF,  but  this  was  clearly  due  to  the  soak  period  used  in  flight  (shorter  in  respect  to 

ATF )  . 

The  data  gathered  during  the  tests  gave  full  confidence  in  the  in-flight  relight 

capability  of  the  engine  and  defined  the  procedure  to  be  inserted  in  the  pilot 
handbook . 

The  reached  level  of  confidence  allowed  to  progress  in  the  testing  of  the  aircraft 

including  high  incidence  and  weapon  firing  trials. 

Summary  of  the  test  point  is  shown  at  fig.  15. 


8.  CONCLUSIONS 

It  can  be  concluded  that  the  approach  followed  on  planning  and  performing  the 
tests  was  very  successful. 

It  was  possible  to  perform  on  full  safety  the  risky  relight  test  in  a  relatively  short 
period  of  time  (about  4  months)  without  interfering  with  the  other  aircraft  activities 
(see  flights  summary  at  fig.  16)  and  to  get  the  results  in  perfect  phase  with  the  other 
program  requirements. 

The  results  achieved  demonstrated  that  a  careful  planning  of  the  tests  and  an  early 
consideration  of  the  even  most  remote  possibility  of  failure  or  error  can  permit  a 
smooth  execution  of  any  flight  test  programme  also  when  risks  are  associated. 


r 
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Fig.  9  -  RUDDER  ACCUMULATOR  ENDURANCE 
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Fig.  14 
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ABSTRACT 

The  presented  flight  control  systems  consist  of  an  open  loop  control  system  and  a  more  conventional  state  vec¬ 
tor  feed  back  closed  system.  The  open  loop  actuator  control  Includes  a  quasistationary  aircraft  model  and  a  full  state 
command  model.  For  the  flight  testa  of  this  control  system,  the  minimization  of  the  state  vector  error  was  the  basic 
target.  To  improve  the  flight  teat  quality,  an  onboard  realtime  wind  and  turbulence  measurement  system  has  been 
used. 

The  flexible  flight  test  instrumentation  including  sensors  and  computers  will  be  described  and  some  typical  flight 
test  results  will  be  demonstrated. 


LIST  OF  SYMBOLS 


Cd 

drag  coefficient 

V 

airspeed  vector 

Cl 

lift  coefficient 

Zc 

commanded  acceleration 

D 

drag 

¥k 

flight  path  speed  vector 

8 

acceleration  due  to  gravity 

yw 

wind  speed  vector 

ILS 

instrument  landing  system 

W 

weight 

MLS 

n 

microwave  landing  system 
load  factor 

Ww 

vertical  wind  speed 

Tc 

“w 

commanded  thrust 
horizontal  wind  speed 

T 

glide  path  angle 

uw 

change  in  horizontal  wind  speed 

A 

vector  of  the  state  error 

1.  INTRODUCTION 

Flight  control  systems  are  more  or  less  a  conventional  tool  to  improve  the  aircraft  characteristics  as  well  as  to 
achieve  a  more  precise  guidance  and  control.  For  most  applications  e.  g.  all  weather  ILS  approach,  standard  flight 
control  systems  are  precise  enough.  For  future  4D-navigation,  windahear  response  alleviation,  space  reentry  vehicle 
control  or  geodetic  applications  e.  g.  measurement  of  the  earth's  surface  on  board  the  aircraft  for  digital  mapping,  a 
more  precise  flight  control  system  is  required.  And  last  but  not  least,  it  is  an  attractive  scientific  task  to  demonstra¬ 
te  theoretical  approaches  in  realistic  flight  tests. 

The  flight  control  system  I  like  to  present  here  in  more  detail  has  been  developed  on  the  basis  of  a  very  simple 
description  of  the  scientific  task:  the  flight  control  system  should  be  as  precise  as  possible  in  flight  path  and  aero¬ 
dynamic  flow  control  under  the  constraints,  that  passenger  comfort  and  throttle  activity  are  acceptable. 


2.  FLIGHT  CONTROL  SYSTEM 

The  basic  principle  for  the  developement  of  the  flight  control  system  was  to  introduce  all  the  knowledge  into 
the  control  system  design  we  have,  concerning  an  aircraft's  behaviour. 

The  input  signals  for  the  systems  are  guidance  functions  for  flight  path  and  the  aerodynamical  ftow  conditions. 
In  the  given  example,  the  aerodynamic  flow  condition  is  presented  In  a  conventional  manner  as  a  spatial  airspeed 
function  [1.2,3]  .  The  flight  path  is  determined  as  an  earth  fixed  spatial  function.  A  precise  flight  control  system 
has  to  include  the  following  control  system  elements  (  fig.  1  1 
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open  loop  determination  of  the  required  actuator  displacement  (  fig.  2  ) 
open  loop  calculation  of  the  commanded  state  vector  (  fig.  2 ) 

-  slate  vector  feed  back,  including  sensors  and  observers 

-  Integral  trim  to  improve  static  accuracy  and  to  reduce  control  column  forces  in  the  event  of  system  failures 

With  a  precise  open  loop  control,  the  state  error  A  (fig.  1)  is  neglibly  small.  In  this  case  it  is  possible,  to  de¬ 
sign  the  closed  loop  for  excellent  eigenvalue  distributions  and  a  low  feed  back  gain. 

The  main  key  for  the  flight  testing  is  the  state  error  A,  which  is  a  substantial  value  to  estimate  the  quality  of 
the  flight  control  system. 


With  the  knowledge  of  the  aircraft’s  non  linear  equations  of  motion,  we  can  derive  the  required  deflections  of 
the  control  surfaces  and  throttle.  This  inverse  flight  mechanical  problem  cannot  be  solved  In  general.  A.  Redeker  [2] 
has  developed  a  complex  quasistationary  inverse  model  of  the  aircraft  longitudinal  motion  that  shows  excellent  re¬ 
sults  (  fig.  3  ).  To  demonstrate  typical  characteristics  of  this  quasistationary  inverse  aircraft  model,  we  will  calculate 
the  commanded  thrust. 


(  1  ) 


This  thrust  equation  can  be  derived  from  the  aircraft  forces  parallel  and  perpendicular  to  the  flight  path.  We 
get  the  commanded  thrust  as  a  function  of  the  aircraft  weight  (  W  ).  the  load  factor  n,  the  drag  to  lift  ratio,  the 
flight  path  angle  y*  the  ratio  of  vertical  (  ww  )  and  horizontal  (  uw  )  wind  including  turbulence  to  airspeed  V.  the 
windshear  and  the  commanded  acceleration  vc .  The  aircraft  drag  D  can  be  written  in  a  typical  flightmechanical 
expression  (  fig.  3  ). 


D  =  n  W 


Cd 

Cl 


(  2  ) 


To  solve  the  thrust  equation  (  1  )  with  sufficient  accuracy,  the  aircraft  parameters  CD/CL,  W,  the  aircraft  mo¬ 
tion  (n,  y.  as  well  as  the  wind  situation  ww  ,  uw  ,  must  be  measured  and  identified.  The  wind  vector  can  be 
measured  on  board  with  sufficient  precision  [4]  (see  chapter  4  ).  The  aircraft  parameter  have  to  be  derived  as  well 
from  theoretical  calculations,  as  from  simulations  and  flight  tests.  In  the  newest  version  of  the  described  flight  con¬ 
trol  systems,  the  aircraft  parameters  are  calculated  by  a  learning  procedure  [S],  In  principle,  the  variance  of  the  sta¬ 
te  error  A  (flg.l)  will  be  minimized  in  real  time.  Without  any  previous  knowledge,  the  system  needs  appoximately 
2000  seconds  for  an  on  line  Identification  of  the  non  linear  aircraft  parameters.  In  fig.  4  the  required  thrust  versus 
airspeed  is  presented.  The  better  the  initial  knowledge,  the  quicker  is  the  learning  procedure.  This  system  is  some¬ 
thing  like  an  adaptive  flight  control  system  without  any  stability  problems. 


The  second  m^Jor  feature  of  the  presented  flight  control  system  is  the  determination  of  the  commanded  state 
vector  (fig.  1  and  2  ).  With  a  complete  state  vector  command  the  control  system  reponse  can  be  very  quick  without 
overshoot.  A  simple  example  of  a  state  vector  command  is  given  in  fig.  5  a  for  a  typical  stability  augmentation  sy¬ 
stem.  The  commanded  pitch  rate  may  be  proportional  to  the  stick  force.  The  relevant  state  vector  elements  are  pitch 
attitude  9  and  pitch  rat*  q.  which  can  be  measured  easily  by  gyros.  As  for  a  symmetric  flight  condition  (wings  le¬ 
vel  )  pitch  attitude  is  the  integral  of  the  pitch  rate,  the  slate  vector  command  calculation  is  very  Bimple.  The  response 
of  the  closed  control  loop  is  quick  without  overshoot  (02  in  fig.  Sb).  In  contrast  to  the  demonstrated  example,  in 
most  conventional  stability  augmentation  systems  there  is  only  a  pitch  attitude  but  no  pilch  rate  command.  This 
means,  that  the  commanded  pitch  rate  is  zero.  This  conflicting  situation  results  in  a  sluggisch  response  and  in  an 
overshoot  (©j  in  fig.  Sb). 


The  total  open  loop  subsystem  for  actuator  command  and  state  vector  command  is  presented  in  fig.  2.  The  sy¬ 
stem  will  be  completed  by  a  conventional  state  vector  feed  back  and  an  integral  trim  system.  With  a  precise  open 
loop  control,  the  difference  A  between  commanded  and  actual  state  vector  will  be  zero.  In  this  case  the  feed  back 
gain  matrix  is  only  responsible  for  a  sufficient  eigenvalue  characteristic  and  for  compensation  of  small  calculation 
errors.  To  identify  the  non  linear  functions  of  the  inverse  aircraft  model,  the  stale  vector  error  A  will  be  reduced  in 
a  trial  and  error  procedure  from  the  flight  test.  With  some  theoretical  knowledge  this  Job  had  been  done  in  less  then 
ten  flight  test  hours  [  2  ]. 
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3.  FLIGHT  TEST  VEHICLES 

The  identification  of  the  aircraft  parameters  and  the  flight  testing  of  the  flight  control  system  has  been  realized 
with  the  two  test  aircraft  DO 28  {fig.  6 )  and  DO  128  (fig.  7 1  owned  by  the  Institute  for  Flight  Guidance  and  Control 
{ appendix  1 ).  Both  aircrafts  are  equipped  with  flexible  general  purpose  test  equipment. 

-  sensors 

-  data  acquisition 

calculation 

storage 

operation 

-  actuators 

-  control  panels  and  displays 
The  sensor  group  contains 

-  inertial 

-  position 

-  aerodynamic  flow 

systems,  that  are  integrated  in  a  navigation  system  (fig.  8).  All  control  surfaces  and  the  throttle  are  controlled  by 
electrical  servo  motors. 

-  elevators 

elevator  trim 

-  aileron 

•  rudder 

-  fast  flaps 
throttle 

The  elevator  trim  system  is  required  especially  for  automatic  landings.  The  data  processing  systems  (fig.  9) 
consists  primarely  of 

I/O  processor  including  Interfaces 

raaincoraputer 

terminal 

cockpit  and  operator  displays 
data  recording 

In  the  main  computers  high  level  computer  languages  will  be  used.  In  the  older  DO  28  aircraft  with  a  Nor- 
den/DEC  11/34  main  computer  the  programs  are  written  in  FORTRAN  77  language.  The  newer  DO  128  aircraft  has  been 
equipped  with  an  Aerodata/DEC  MikrovaxII  main  computer  and  MODULA2  language.  The  more  transparent  structure 
of  MODULA2  compared  to  FORTRAN  77  Is  the  major  reason  for  an  important  reduction  of  programming  and  testing 
time.  The  hardware  location  is  given  in  fig.  10.  The  listing  of  the  hardware  is  presented  in  appendix  1. 


4.  WIND  MEASUREMENT 

The  quality  of  flight  tesla  can  be  strongly  influenced  by  disturbances,  especially  wind  and  turbulence.  Additio¬ 
nally  the  nonlinear  open  loop  control  requires  the  information  of  the  wind  vector  (see  eq.l).  Parameter-identification 
without  knowledge  of  the  wind  disturbance  is  only  sufficient  for  flights  in  calm  air.  Real  calm  air  is  very  rare  in 
central  europe  and  this  limits  the  efficiency  of  the  flight  test  tremendously.  Therefore  both  test  aircrafts  are  equip¬ 
ped  with  an  on  line  realtime  wind  measurement  system  [  4  ].  The  wind  vector  -w  can  be  derived  from  the  airspeed 
vector  V(V,  a,(J)  and  the  flight  path  speed  vector  (fig  11) 


Yw"Yk  v  (3) 

This  type  of  measurement  la  based  only  on  kinematics  and  is  therefore  Independent  from  aircraft  motion.  The 
handicap  is  the  small  wind  vector  as  the  difference  of  the  large  speed  vectors.  The  measurement  of  the  two  speed 
vectors  must  be  very  precise.  On  line  calibration  is  as  well  s  need  as  complementary  filtering  [  4  ]  and  coordinate 
transformations  [  6  ]. 
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An  example  for  an  on  board  wind  measurement  la  the  low  level  jet  In  fig.  12.  Here  the  on  board  measurement 
la  compared  with  a  mast  anemometer  measurement  [  7  ]  and  a  low  level  jet  model  [8.9]. 

This  type  of  on  board  wind  end  turbulence  measurement  will  be  applied  beside  the  flight  testing  of  guidance 
and  control  systems  for  meteorological  and  environmental  (pollution)  measurement. 


S.  FLIGHT  TEST  RESULTS 

Finally,  some  flight  test  results  shall  be  demonstrated.  Figure  13  shows  the  high  accuracy  of  the  complex  digital 
flight  control  system  in  calm  air.  In  a  9  minutes  flight  period,  the  maximum  altitude  deviation  was  less  then  1  meter. 
The  altitude  deviation  is  in  the  range  of  the  resolution  of  the  barometric  altimeter.  Figure  14  shows  the  aircraft  re¬ 
sponse  in  altitude,  airspeed  and  thrust  at  the  begin  of  a  turn  flight  in  moderate  turbulence.  An  altitude-acquire  raa- 
nouevre  shows  fig.  IS  for  strong  turbulence.  Typical  for  this  test  aircraft  is  the  high  gust  sensitivity  of  the  uncon¬ 
trolled  aircraft  due  to  the  low  wing  load.  An  older  version  of  the  complex  flight  control  system  (with  a  simple  open 
loop  control)  is  shown  ir.  fig.  16  in  an  curved  MLS-approach  [11]  passing  a  moderate  wind  shear  without  any  flight 
path  and  speed  deviation.  This  MLS-approach  has  been  finished  by  an  automatic  landing. 
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Fig  12:  Comparison  of  aircraft  and  mast 
measurement  with  a  low  level  jet 
model 
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Fig  13:  Altitude  and  speed  hold  (calm  air) 
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APPENDIX  l 


Research  Aircraft  Domler  12S-S  /  Call  sign  O-IBUF 
Technical  Data  and  Dimensions 

Twin  turboprop-engine-powared  STOL  aircraft,  non  steerable  talfwheel 


Dimensions: 

Overall  Length  11.71m  (without  noseboom) 

Overall  Height  3$om 
Wing  Span  15  55m 

Wing  Area  29  00sqm 

Engines: 

2  x  PraftiVYhitnay  Aircraft  of  Canada  PISA- MO  turbo¬ 
prop  angina  with  AOOShp  continuous  power. 

Electrical  power  supply  tor  experiments  c.  3kVA  : 

sav  oc 
1 1 5V/400Ht  AC 
220V/  50 Hi  AC 


Weight: 

Maximum  Taka-Off  Wafgbt 
Empty  Weight 
(Ind.  Research  Equipment) 
Maximum  Fuat  (15001) 

Performance: 

Max  Operating  Attitude  20000ft 

Max.  Spaed  15Qkti 

Min.  Spaed  63ktl 

Cruise  Spaed  130M 

Taka-OH-Distanee  550rr 

landing  Cutanea  SOOrr 

Endurance  (at  FL  iqO)  9.5h 

location.-  DFV1. 


1000ft  (9100m) 

150kts  (278km/h| 

63kts  (117km/h) 

130WS 

550m 

600m 

9.5h 

DFVLR-Flugabtellung, 
Braunschweig  Flughalan 


Research  Tasks 

Th*  twin-engined  STQl  Aircraft  Is  an  universal  tool  for  afiooma  (nvast/gattons  at  the  Inatifufe  for  Flight  Guidance 
and  Control  and  other  research  groups.  The  mein  tasks  ara: 

metaorologlcaf  measurement  (on-line  defarmlnatfan  of  wind  speed  and  direction,  temperature,  humi¬ 
dity,  measuring  of  air  pollution) 

Investigation  of  the  aircraft  motion  under  Influence  of  turbulent  wind  conditions 
airborne  investlgat'  n  of  different  sensor-  and  avionic-systems 
Identification  of  the  aerodynamical  parameters  of  the  aircraft 

Research  Equipment 

Sensors:  I  Sensor  I  Parameter  | 


Sensor 

Parameter 

OORNIER  Right  Log 

Angle  of  Attack 

Angle  ot  Sideslip 

Pressure  Port  for  Sfetlc 
and  Total  Pressure 

OFVlR  5-Hofe-Probe 

with  ROSEMOUNT  1221 

Static  Pressure 

Dynamic  Pressure 

Differential  Pressure  for 

Angle  of  Attack  and  Slcjestlp 

HONEYWELL  Usernav 

Prfch  Angle  and  Angular  Velocity 
Bank  Angle  end  Angular  Velocity 
Yaw  Angle  and  Angular  Velocity 
Acceleration  In  x.y.z- Direction 
Position,  Groundspeed 

True  Track  Angle 

Magnetic  Heading 

Vertical  Velocity 

Jnenlal  Altitude 

Wind  Speed  and  Direction 

PAflOSCIENTIFlC 

Dtglquarx  Mod.  1023A 

Static  Pressure 

ROSEMOUNT  1221 

Dynamic  Pressure 

ROSEMOUNT  I02EJ1B8 

Tempetaluie 

VA1SALA/AERODATA  Humlcab 

Humidity 

Temperature 

SPERRY  Radar  Altimeter 

Height 

Computer  Systems: 

Main  Computer:  AERODATA-PDP  11/73  /  mlcroVAX,  ON-Une-Graphle,  Possibility  for  Hard-Copy 
Communication  Computer:  LANGE  WL  201)1  /  1AM  VMg-Bus  Processor 

Dste-RecortJIng: 

-  Streamer  Tape  Recorder  94  channels  with  23  Hi  sampling  rate 

Additional  Equipment: 

-  Stand ard-IPR- Instrumentation  with  DME  (Distance  Measuring  Equipment) 
and  Redar-Arttmeter.  VLF-Navfgatfen-$y*t»m,  HF-CommunlciDon 

-  WtS-VVJeo  Recording  Equipment 

-  SERCEl-GPS  (Satefffte-Navfgatfon-Syetam) 

-  Until  the  end  of  1999  the  ak  craft  wffl  be  equipped  with  actuators  and  position  Indicators 
for  elevator ,  rudder,  tfleron  and  throttle.  Then  the  flight  fearing  of  ttrtopw  ayetemt  wW 
afeo  taka  place  on  the  Oo  129-9. 


Research  Aircraft  Domler  2801  /  Call  sign  D-IBSW 


Technical  Data  and  Dimensions 

Twin  piston -eng  l  re-power  ad  STOL- Aircraft,  non  steerable  (aJIwtieel 


Dimensions: 

Weight: 

Overs*  Length 

11.37m  (without  note  boom) 

Maximum  Take-OH  Weight 

3700kg 

Overafl  Height 

3.90m 

Empty  Weight 

YWig  Span 

1S.50m 

(Ind.  Research  Equipment) 

2950kg 

Wing  Area 

2S.00aqm 

Maximum  Fuel 

(820) 

800kg 

Engines: 

Performance: 

2  *  Lycoming  K3SO-540  A1E,  si*  cylinder  aircooled  tur¬ 

Max.  Celling 

24000ft 

(7300m) 

bocharged  piston  engine  with  fuel  Infection  with  380  hp 

Max.  Speed 

177V1S 

(326k  m/h) 

max.  continuous  power. 

Min.  Speed 

56kts 

(104km/h) 

Electrical  power 

supply  lor  experiments  c.  3kVA  : 

Cru.se  Speed 

130kts 

28 V  DC, 

Take-Oft-Of  stance 

530m 

115V/400HI  AC. 

Landing  Distance 

800m 

220V/  50Hz  AC 

Endurance  (at  FT. 

100)  6h 

Location: 

OFVUVOugabtetlung. 

Braunschweig  Rughafan 

Research  Tasks 

The  twin-engined  STOL- Aircraft  la  an  universal  tool  lor  airborne  Investigations  at  the  Institute  lor  Flight  Guidance 
and  Control,  the  Special  Ftesearch  Group  for  Flight  Safety  and  other  research  groups.  The  main  tasks  are: 
meteorological  measurement  (on-line  determination  of  wind  speed  and  direction,  temperature,  humi¬ 
dity,  measuring  of  air  pollution) 

Investigation  of  the  aircraft  motion  under  influence  of  turbulent  wind  conditions 

flight  testing  of  autopilot  systems  (auto-land,  dlrect-lift-control.  fly-by-wire,  slde-stlck-control.  etc.) 

airborne  Investigation  of  different  sensor-  and  avionic-systems 

Identification  of  the  aerodynamical  parameters  of  the  aircraft 


Research  Equipment 


Sensor 

Parameter 

DORMER  Right  Log 

Angle  of  Attack 

Angle  of  Sideslip 

Pressure  Port  for  Static 

and  Total  Prassure 

ROSEMOUNT  t02  AU19Z 

Total  Temparalure 

2  NORTRONICS  G5ATH7 

Pitch  Angular  Velocity 

Bank  Angular  Velocity 

SFENA  39-05V1M1 

Yaw  Angular  Velocity 

3  CONNER  Mod.  4310 

Aircraft  Rxed  Acceleration 

In  x.y.z-DIrectlon 

INS  CAROUSEL  IVA 

F»itch  Angle 

Bank  Angle 

Vertical  Acceleration 

Along  Track  Angle 

Ground  Speed 

True  Track  Ang'e 

True  Heading  Angle 

Wind  Speed 

Wind  Direction 

Position 

ROSEMOUNT  1241M4B1 

Static  Pressure  (Altitude) 

9TATHAM  PM69TC 

Dynamic  Pressure 

COUJNS  Radar  Altimeter  AL101 

Height 

Computer  Systems: 

Mein  Computer:  NOROEN  1 1/34  (mH.  version  of  a  DEC  POP  11/34)  2  Floppy-Drives.  Floating  Point  Processor 
Background  Computer:  Jtt,  Q  Bus-Processor 

Communication  Computer.  MU  DAS  ,  Fa.  Dornlet  (Modular  Universal  Data  Aqutsltkm  System) 

Data-Recording: 

-  PCM  Data  AqufeMon  System  IM  18K3,  32  channels  with  92  Hz  sampling  rata 

•  Streamer  Tape  Recorder  64  channels  with  23  Hz  sampling  rata 

Additional  Equipment: 

-  StandartHFmnetrumentatfon  w fth  RCA  Primus  10  DME  (Distance  Measuring  Equipment),  ARC  41A  VOR 

•  actuator*  for  elevator,  rudder,  aileron,  throttle 

-  eiecotoat  elevator  trlnwii 

-  measurement  of  angina  mantfotd  pressure  and  rotating  speed 

-  VHS-VtOEO  raeonSng  equipment 
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ANALYSE  DES  ESSAIS  DE  FLOTTEMENT 
A  L’AIDE  D’UN  SYSTEME  DE  TELEMESURE 

pa i 

Alain  Bucharles 

Department  Automatique  —  ONERA/C£.R.T. 

Gerald  Lignon  et  Henri  Cassan 
Essais  en  Vol  —  Division  AVION  —  AEROSPATIALE 
316  Route  de  Bayonne 
31060  Toulouse,  Cedex  03 
France 


RE Sift  :  La  n£cessit£  d'analyser  les  r^sultats  de  chaque  vol  avant  d' autoriser  le  point  de  vol 
suiv/ant  est  le  principal  inconvenient  de  1* ensemble  des  procedures  d'Essais  en  Vol  de  flottement.  Elies 
conduisent  toutes  b  une  dur^e  global e  d'ouverture  du  domaine  de  vol  importante  et  incompatible  avec  les 
objectifs  de  certification  des  avions.  Aussi  AEROSPATIALE  et  le  C.E.R.T.  ont  mis  en  commun  leur 
experience  pour  d6velopper  des  outils  et  des  m^thodes  d1 analyse  en  temps  r§el  des  essais  b  l1 aide  d'un 
systfeme  de  tyiymesure  associe  b  de  puissants  moyens  de  calcul. 


INTRODUCTION 


Les  essais  en  vol  de  flottement  ont  pour  but  : 

-  l'ouverture  du  domaine  de  vol  c'est-^-dire  la  demonstration  de  1' absence  de  flottement  dans 
tout  le  domaine  de  vol  jusqu'&  MD/VD. 

-  la  fourniture  au  Bureau  d’Etudes  de  r6sultats  suffisamment  precis  pour  pouvoir  les  extrapoler 
jusqu'S  1,2  I'D. 

L'ouverture  du  domaine  de  vol  se  fait  pas  b  pas  par  observation  de  Devolution  de 
D amortissement  de  chaque  mode  evec  la  vitesse  pour  diverses  configurations  de  1 'avion.  L ' autorisation  de 
procyder  b  1'essai  suivant  (augmentation  de  vitesse)  n'est  donn^e  que  si  cette  Evolution  ne  pr^sente 
aucun  risque  d* instability. 

Autrement  dit  1' exploitation  complete  d'un  vol  doit  etre  termin^e  et  analys^e  avant  de  proceder 
au  vol  suivant.  Ce  qui  peut  conduire,  suivant  la  complexity  des  problfemes  rencontrys,  b  des  dyiais 
importants. 

Or  la  recherche  d'une  plus  grande  compytivity  impose  de  produire  des  appareils  de  plus  en  plus 
performants  b  un  cout  de  production  moindre.  D'ou  la  nycessity  de  ryduire  la  dur4e  de  dyveloppement  et 
d'essai  en  vol.  Pour  DA320  l'objectif  ytait  de  certifier  1 'avion  seulement  onze  mois  apr£s  le  premier 
vol . 

Pour  mener  b  bien  un  projet  aussi  ambitieux  pour  un  avion  entiferement  nouveau,  AEROSPATIALE 
s'est  dotye  d'un  syst^me  de  traitement  en  temps  ryel  par  tyiymesure  (pouvant  rypondre  aux  besoins  des 
diverses  disciplines  des  essais  en  vol)  et  en  ytroite  col laborat ion  avec  le  dypartement  Automatique  de 
1’ONERA/CERT  a  dyveloppy  de  nouvelles  mytbodes  d'exploitation  des  essais. 


Ces  mythodes,  concues  comme 
aide  b  la  dycision,  automat isent  le 
traitement  des  donnyes  numyriques 
issues  du  message  tyiymesure.  Elies 
permettent  ainsi  au  spycialiste 
de  so  consacrer  pleinement  &  la 
conriuite  de  1'essai  et  b  1’ analyse 
et  1 ' interpry tation  des  rysultats. 
L'objectif  visy  est  de  pouvoir 
ryaliser  deux  points  du  domaine 
dans  le  meme  vol  et  d'etre  en 
mesure  de  donner  la  "clearance” 
pour  le  vol  suivant  dans  un  dyiai  de 
deux  heures  apr&s  1 'atterrissage  de 
D avion  (fig.  1)  de  mamfere  b 
pouvoir  effectuer  si  nycessaire  deux 
vols  dans  la  meme  journye. 

Elies  consistent  essent lei lement 
en  : 


-  la  surveillance  en  temps  ryel 
des  param^tres  les  plus  significa- 
ti  fs. 

-  l'ana lyse  et  la  synthase  modale 
en  temps  lyg^rement  diffyrt4  sur 
D ensemble  des  paramMres  (!>0). 


uun>mo 

♦ 1  HOCUS 


Fig.l  -Objectifs  pour  V analyse  des  essais  de  flottement 
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ESSAI  EN  VOL  OE  FLOTIEHENT 

1.  PRINCIPE  D'ESSAI 

Les  essais  de  fiottement  sont  rgalisgs  aux  diffgrents  points  du  domaine  de  vol  par  excitation  de 
la  structure  de  1 'avion.  La  mesure  simultange  de s  Forces  d’excitation  et  des  rgponses  accgjgromgtri- 
ques  de  la  structure  permet  de  calculer  les  fonctions  de  trangfert  H  c  <Pe$  f  (J«e  d'ou  l’on  extrait 
les  paramgtres  modaux  F  (frequence)  et  tt  (aroortisseroent  rgduit). 

2.  MOYENS  0 1 ESSAI  EMBARQUES 

Les  moyens  d' excitation  utilises  sont  : 

-  des  volets  agrodynamiques  oscillants  (tip-vane)  installgs  b  chaque  extrgmitg  de  voilure, 
pilotables  en  frequence  (choix  Fmini  et  Fmaxi),  en  mode  (symgtrique  ou  antisymgtrique \  en  vitesse  de 
balayage.  Ils  permettent  de  rgaliser  des  excitations  harmoniques. 

-  des  itnpulseurs  b  poudre  months  en  extrgmitg  de  plan  horizontal  et  de  derive.  Ils  ggngrent  des 
excitations  impulsionnelles. 

Les  rgponses  de  1 'avion  sont  mesurges  par  des  accglgrombtres  disposgs  sur  toutes  les  parties  de 
1 'avion  comme  le  montre  la  figure  2. 

3.  Procgdure  de  l'essai 

Les  sollicitations  couvrent  la  plage  de 
frgquence  0/30  Hz.  Chaque  excitation 
harmonique  est  limitge  b  une  bande  de 
frgquence  de  deux  octaves  de  manibre  que  la 
dynamique  des  accglgrat ions  mesurges  soit 
suf fisamment  faible.  La  vitesse  de  balayage 
utilisge  de  30  seeondes  par  octave  est  un 
bon  compromis  entre  la  vitesse  ngcessaire  £ 
une  bonne  excitation,  le  nombre  de 
balayages  et  la  durge  globale  de  l'essai. 

Pour  chaque  gamme  de  frgquence  les 
essais  sont  rgpgtgs  deux  fois  :  une 
premiere  fois  en  symgtrique  puis  en 
antisymgtrique. 

Les  tirs  d 1 impulseurs  sur  la  partie 
arrifere  sont  faits  en  symgtrique  et  en 
antisymgtrique  sur  1 'empennage  horizontal 
et  en  latgral  sur  1’ empennage  vertical. 

Done  un  point  d'essai  ngeessite  :  (Fig.  3) 

-  deux  balayages  "basses  frgquences" 
(symgtrique  et  antisymgtrique). 

deux  balayages  "haute  frgquence" 
(symgtrique  et  antisymetnque) . 

deux  tirs  d’ impulseurs  empennage 
horizontal  (symgfrique  et  antisymgtr ique ) 

-  un  tir  d’impulseur  empennage  vertical. 


2  4  8  16  32  firteucnce-Hz 


FigJ-Essai  en  vol  de  fiottement  "type" 
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TELEMETRY  DATA  PROCESSING 


DATA  PROCESSING  ' 

— . — i—  |  DETECTED 

SCREENS  MANAOMENT 

CR  *  1 

czj  ! 

CH - 

POST  processor] 

pf 


L'O:  ANALOG  RECORDERS 

10 :  OKUTAL  RKONOm 
ll  :•  SPECIFIC  TEST :  4KW/S 
•AUTOMATIC  MOMTOMNQ 
ItKW/S 

1 2 :  PCS/  AVIONICS  SAFEGUAR 
1 3 :  OTHER  SYSTEMS  SAFEOUAJ 


DATA  ANALYSIS  STATION 


Fig  4  -  Organisation  gintrale  t£l6mesure 


TELEHESURE 

1-  DESCRIPTION  GENERALE 

antpnn«meSSaqe  ‘PC",rt"  64  Kmots  de  1?  b.ts)  est  fei,  Par  1 'avion  i>  l'aide  da  deux 

d^riup63  Une  SOlJS  lp  n8Z  de  1  31'‘on’  1,autre  divisde  en  deux  demi-antennes  de  part  at  d’autre  de  la 

Narair3  J^|;Rpt  lon  f'?.'!311  sait  d ‘ rBC te">ent  a  Toulouse  (station  pnncipale)  soit  h  Bordeaux  ou  Ji  Saint 
Nazairp  stations  td ldcommanddes  depuis  (oulouse).  Dans  ce  dernier  cas  la  liaison  avec  la  station 
principal?  est  assurde  par  satellite.  station 

le  centre  de  traitement  du  message  regu  est  organist  autour  d’un  CBlculateur  central  et  dp  deux 
caiculateurs  vectoriels  (prg  et  post  processeur).  Chaque  calculateur 
panne  gventuelle  d'un  ou  plusieurs  figments. 


la  sal  le  Sexploitation  comprend  six  postes  de  travail 
d’^cnute.  La  figure  4  montre  la  description  de  1' ensemble. 


est  double  pour  pallier  k  la 
interchangeables  plus  le  poste  du  chef 


i 


1 


-j 
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2.  ORGANISATION  "FLQTTEMENT" 


Le  message  tElEmesure  spEcifique  au  fiottement  contient  : 
les  paramEtres  jiieraux  avion 


>. i/l -Mocn-muooC - -Ci it r rEc _r>oir r>- •  >  • ) 

-  les  forces  d'excitation  et  les 
rEponses  avion  E  la  cadence  de  128 
p.p.s.  (prElEvements  par  seconde) 
pour  le  calcul  des  fonctions  de 
transfert. 

-  une  force  d' excitation  et  quelques 
rEponses  choisies  avant  les  essais  & 
la  cadence  de  512  p.p.s.  pour  le 
suivi  en  fonction  du  temps. 

La  figure  5  dEcrit  1 ' organisation 
de  la  station  pour  les  essais  de 
fiottement.  Cette  organisation  est 
faite  autour  de  deux  postes 
correspondent  aux  deux  object  if s  de 
surveillance  en  temps  rEel  de 
l'essai  et  d' analyse  et  synthase  en 
temps  trEs  lEgErement  diffErE. 

Le  poste  temps  rEel  regoit  les 
messages  : 

-  M'O  directement  en  sortie  du 
dEcommutateur  pour  visualisation  sur 
les  enregistreurs  graphiques  des 
Evolutions  en  fonction  du  temps  de 
16  paramEtres  E  512  p.p.s. 

-  MO  ElaborE  par  le  prEprocesseu*  et 
contenant  8  spectres  en  frequences 
(4  maxi  par  Ecran)  pour  la 
surveillance  de  l'avion  au  cours  des 
augmentations  de  vitesse. 

-  Ml  ElaborE  Egalement  par  le 
preprocesseur  et  contenant  8 
fonctions  de  transfer!  (4  maxi  par 
Ecran)  pour  la  surveillance  de 
l'essai  proprement  dit. 

Le  poste  temps  diffErE  regoit  le 
message  M2  ElaborE  par  le 
postprocesseur  et  contenant  l«s 
fonctions  de  transfert  mesurEes  et 
calculEes  ainsi  que  les  rEsultats  de 
1 'analyse  modale. 

Les  messages  Ml  et  M2  sont 
Egalement  enregistrEs  sur  disque 
pour  traitement  Eventuel  ultErieur 
sur  le  site  tElEmesure  lui-meme  ou 
sur  les  ordinateurs  du  centre  de 
calcul  "sol". 


ESTIMATION  DES  REPONSES  EN  FREQUENCE 


L 'ensemble  des  signaux  mesurEs  et  transmis  au  sol  par  1 ' intermEdiaire  de  la  tElEmesure  font  l'objet 
d’un  traitement  numErique,  schEmatisE  figure  6,  qui  permet  de  dEgager  pour  charun  d’entrp  eux  un  oOus 
ensemble  de  modes.  A  part.ir  de  ces  informations  et  de  la  connaissance  de  l'avion  et  de  la  structure,  le 
spEcialiste  est  alors  E  meme  d'effectuer  la  synthEse  modale  pour  le  point  de  i/ol  concernE. 

Nous  allons  dEtailler  par  la  suite  les  diffErentes  Etapes  du  traitement. 

1 .  Mise  en  forme  des  signaux 

Les  signaux  regus  au  sol  sont  Echanti 1 lonnEs  E  la  cadence  de  128  p.p.s.  Or  1 ' informat  ion 
intEressante  se  situe  dans  la  bande  de  frEquence  de  1 'excitation  qui  s'Etend  de  2  &  8  Hz  ou  bien  de  4 
£  16  Hz  selon  le  type  d'essai,  c'est-E-dire  bien  *n.  daca.de  la  demi- frEquence  d'Echantillonnage.  Ils 
apparaissent  done  surEchantil lonnEs  et  de  maniEre  E  rEduire  les  temps  de  calcul  ll  sont 
reEchant i  1  lonnEs,  aprEs  filtrage,  E  32  p.p.s.  (2-8  Hz)  ou  64  p.p.s.  (4-1.6  Hz). 

Le  filtrage  nEeessaire  avant  reEchant i 1 lonnage  doit  rEpondre  E  certaines  contraintes  : 

-  ne  pas  introduire  de  dEformation  importante  de  la  bande  utile, 

-  couper  suffisamment  pour  Eviter  des  repliements  de  frEquence  gEnants  dans  la  gamme  de  travail. 

Le  choix  s'est  portE  sur  un  filtre  numErique  de  BUTTER  WORTH  d’erdre  6. 
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Fig  6  ■  principe  de  traitement  des  essais  deflottement 
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2.  ESTIMATION  DE  LA  REPONSE  EN  FREQUENCE 

A  ce  stade,  1 ' information  se  pr^sente  sous  la  forme  de  signaux  temporels  ^chantillonn^s  et  ll 
seraifc  tout  k  fait  possible  de  la  traiter  telle  quelle  pcur  obtenir  lrs  caract^ristiques  modales  de  la 
structure  moyennant  la  manipulation  d'un  volume  de  donn^es  important  conduisant  h  des  temps  de  calcul 
61ev6s.  C'est  la  raison  principale  pour  laquelle  nous  avons  pr6f£r£  r^aliser  une  identification  dans 
le  domaine  frgquentiel.  Un  autre  avantage  de  ce  type  d' identification  est  qu'il  est  possible  de  ne 
l'effectuer  que  dans  une  bande  de  frequence  limit^e,  permettant  ^.e  s'affranchir  de  certains  modes 
(modes  rigides  avion).  Cependant  elle  conduit  d  une  £tape  supplement a ire  :  1 ’estimation  de  la  r£ponse 
en  frequence  entre  1 'excitation  et  les  r^ponses  de  la  structure  suppos6e  lindaire.  Si  e(t)  d^signe 
l'excitation  et  s(t)  une  r^ponse,  un  estimateur  de  la  r^ponse  en  frequence  est  obtenu  en  faisant  le 
rapport  du  spectre  crois£  excitation-r^ponse  et  du  spectre  de  puissance  de  l'excitation. 

H  (ffl)  =<Des  (CO)  /<Dee  (CO) 


J 
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Le  probleme  est  done  ramend  6  celui- de  l'estimation  des  spectres  <t>es  et  ®ee  P°ur  laquelle 
dif fbrentes  techniques  sont  envlsageables.  La  mdthode  utilisbe  est  la  mbthode  de  WELCH  :  les  K 
sequences  temporelles  de  M  points  issues  du  fractionnement  du  signal  de  ddpart  sont  multiplies  par 
une  fendtre  de  HANNING  puis  transformdes  par  Fast  Fourier  Transform.  Le  spectre  est  calculi  en 
moyennant  les  pdriodogrammes  ainsi  obtenus.  Dans  le  cas  d’un  avion,  le  faible  amortissement  des  modes 
et  leur  proximitd  dventuelle  impose  un  choix  judicieux  de  K  et  M  pour  assurer  un  bon  lissage  et  une 
resolution  suffisante  Cde  l'ordre  de  0,05  Hz). 

Outre  l'estimation  de  la  rbponse  en  frequence,  l'analyse  spectrale  permet  le  calcul  de  la 
fonction  de  coherence  C(u>) 

C  (to)  =  (<J>es  (U)l2/  (®ee  <°»  1  *  l^ss  <“>  > 

La  coherence  constitue  une  mesure  f requentielle  du  rapport  signal/bruit.  Elle  fournit  done  une 
mesure  de  la  qualite  de  l'estimation  de  la  rdponse  en  frequence  pour  chaque  frequence  et  peut  etre 
utilisde  pour  introduire  des  ponddrations  sur  les  donndes  lors  de  1' identification. 


IDENTIFICATION  DES  REPONSES  EN  FREQUENCE 

A  la  suite  de  l'analyse  spectrale  la  rdponse  en  frequence  d'un  capteur  quelconque  est  ddfinie  sur 
un  ensemble  discret  de  frequences  sous  forme  partie  rdelle/partie  imaginaire.  Pour  avoir  seeds  aux 
caractdristiques  modales,  on  i/a  en  rechercher  un  moddle  fraction  rationnelle  F  (p)  =  N  ( p )  /  D  (p ) , 
les  racines  de  D  (p)  fournissant  ultdrieurement  Les  modes.  On  se  restraint  bien  sur  &  la  plage 
couverte  par  1 ' excitation.  Le  probldme  posd  est  double  :  il  faut  d'une  part  choisir  les  degrds  de 
N  (p)  et  D  (p),  d'autre  part,  ces  degrds  dtant  fix6*  identifier  les  paramdtres  de  N  (p)  et  D  (p). 


1.  IDENTIFICATION  PAR  UN  TRANSFER!  O'ORDRE  FIXE 

On  s'intdresse  6  une  liaison  entrde/sortie  particulldre  et  soit  l H  (0ik ) ,  k=l ,  Ml  la  rdponse  en 
frequence  correspondante.  On  cherche  6  reprdsenter  cette  liaison  par  une  fonction  de  transfert 
fraction  rationnelle 


N(p)  a0+alP+ . ampm 

F(P)=  - -  “  T  «  m  S  n 

D(p)  1+bjpt . bnp 

Aux points  d'dchantillonnage,  F(j<Jt)  doit  etre  aussi  proche  que  possible  de  H(uii)  .La  qualitd  de 
1' approximation  est  done  directement  lide  &  l'dcart  entre  FtjUii)  et  H (uui  .  Ceci  nous  conduit 

naturellement  h  prendre  comme  critere  d' identification  la  somme  des  carrds  des  modules  des  dcarts  sur 
i  'ensemble  des  Frequences. 


soit 


J=I  !|£(0>k)|  2  >  l|H16)k)-F(jbik)|2 
J=Z)  ||  H  (OP^-T  -  N  (  jOJ^) /D  (  jtOy.)  ||  2 


t-I  IIh  (oe,  i  -  -aQtalj0)k+- 

l+bija^t . +bn(jmk)n 


2 


On  est  amend  b  rechercher  1' ensemble  des  paramdtres  (a0  ,b©  ,...bm  )  Qui  minimisent  le 

critfere  J.  Le  probldme  ainsi  posd  est  non  lindaire  par  rapport  aux  paramdtres  (by  ),  mais  il  est 
toutefois  possible  de  le  rdsoudie  simpiement  par  moindres  carrds  de  maniere  iterative.  Cette 
resolution  consiste  b  minimiser  &  1' iteration  1  le  critdre  Ji  . 

Jl  pTlWp  llD<i“k>H(j%)-N(jmkf 

dtant  le  ddnominateur  calculd  auec  les  paramdtres  obtenus  5  1' iteration  (1-1).  Si  1' on  pose: 

DfjCDfc)  =  DR((Ok)  +  jDI  (G^) 

NfjG^)  =  NR«Ok)  +  jNI  ,0)k) 

H(tOk)  =  HR((Dk)  +  jHI  (0)k) 

La  minimisation  du  critdre  J[  conduit  h  rdsoudre  le  double  systdme  d’dquations  suivant  : 


- [DR(0)k)HR(0>k)-DI  (COjJHI  (0^)  -NR  {(  k)  ]  =0 

||D - [DRIO^lHI  (Clijjl+DI  -NI  «Ok)  )  =0 


C'est  un  systfeme  de  2M  Equations  £  (m+n+1)  inconnues  de  la  forme  Y  =  XA 
ou  A  designe  le  vecteur  des  param£tres.  La  solution  est  donnee  par 

A  =  (XTX) ~1XTY 

Cette  procedure  de  resolution  ndcessite  1 ' initialisation  du  denominateur.  En  l1 absence  de 
connaisuance  a  priori,  on  peut  choisir  D  =  1.  La  procedure  iterative  est  arretee  des  que  le  critere 

n'evolue  plus.  A  la  convergence  on  a 

°i  =  °i-i 

de  sorte  que  le  critfere  minimise  est  bien  equivalent  £  J. 

2.  CALCUL  AUTOMATIQUE  DE  L'ORDRE  DE  LA  FQNCTIQN  DE  TRANSFER! 

Le  calcul  structural  permet  d* avoir  une  idee  assez  precise  du  nombre  de  modes  presents  dans  une 
gamme  de  frequence  donnee.  Toutefois,  chaque  capteur  n'est  sensible  qu'£  un  nombre  limite  de  modes  en 
fonction  de  sa  position  sur  la  cellule  ;  il  se  pose  done  le  problfeme  du  choix  optimal  des  degres  du 
numerateur  et  du  denominateur  de  la  fonction  de  transfert  devant  £tre  justifiee  £  chaque  reponse  en 
frequence. 

Le  degre  du  numerateur  est  systematiquement  pris  egal  &  celui  du  denominateur  :  on  se  reserve 
ainsi  le  plus  grand  nombre  possible  de  degres  de  liberte. 

La  determination  de  l'ordre  du  module,  a  priori  different  pour  chaque  reponse  en  frequence,  n'est 
pas  un  probl£me  simple.  La  theorie  fournit  bien  tout  un  ensemble  de  methodea  deiivrant  directement 
cette  grandeur,  mais  ces  methodes,  si  elles  fonctionnent  bien  sur  des  donnees  de  simulation,  ne  sont 
pas  satisfaisantes  pour  Sexploitation  de  signaux  reels  du  fait  des  bruits  (parasites,  perturbations 
atmospheriques,  effet  mach,  ...)  et  parce  que,  surtout,  il  n’existe  pas  de  module  exact  du  systfeme  £ 
representer.  On  va  plutdt  essayer  de  definir  une  recherche  intelligent©  de  l'ordre  du  module  qui 
conduise  finalement  £  un  module  physiquement  acceptable,  compose  d'une  somme  de  systfcmes  du  second 
ordre  resonnants. 

L ’heuristique  mise  au  point  consiste  £  ddmarrer  1 ' identification  a  ordre  eievd  et  £  faire 
decroitre  par  pas  de  deux  l’ordre  jusqu'£  l'obtention  d'une  solution  satisfaisante.  Ne  sont  pris  en 
consideration  que  les  points  dont  la  coherence  est  super ieure  £  0,6,  La  reduction  de  l'ordre 

d' identification  est  obtenue  par  elimination  successive  : 

-  des  modes  reels 

-  des  modes  instables 

-  des  modes  causant  la  plus  faible  degradation  du  critere 

-  des  modes  doubles. 

A  chaque  6tape  d'eiimination,  le  denominateur  est  initialise  £  l'aide  des  modes  non  eiimines  £ 
l'ordre  superieur. 

La  procedure  est  arrStee  lorsqu'il  n’est  plus  possible  d'eiiminer  de  mode.  Les  frequences  et 
amortissements  des  modes  structuraux  sont  alors  extraits  des  racines  du  denominateur. 


EXPLOITATION  O’ UN  ESSAI 

Les  essais  en  vol  de  flottement  de  1 'AIRBUS  A  320  ont  constitue  la  premiere  utilisation  du 

systfeme  complet.  Nous  allons  nous  servir  de  ces 
essais  pour  illustrer  les  differentes  procedures 
utilisees.  Ces  procedures  qui  permettent  la 
surveillance  en  temps  reel  de  l'essai  et 
1 'elaboration  des  r6sultats  finaux  £  partir  des 
resultats  ei6mentaires  calcuies  automat iquement  ont 
6te  congues  de  fagon  £  etre  le  plus  interactives et 
conviviales  possible  : 

*  les  programmes  et  les  differentes  fonctions  £ 
1'interieur  d'un  programme  apparaissent  dans  des 
menus  dont  la  disposition  £  l’ecran  rappel le  la 
position  de  la  touche  sur  le  clavier  permettant  de 
les  activer. 

*  toutes  les  instructions  necessaires  £ 
1 ’execution  de  diverses  t£ches  sont  entr6es  en  mode 
conversationnel . 
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1.  sum  TEMPS  REEL 

*  traces  en  fonction  du  temps.  Ils  constituent  l'aide  la  plus  efficace  pour  la  detection 
d'anomalies  comme  la  panne  d'un  capteur,  la  presence  de  turbulence,...  En  un  mot  ils  permettent  de 
valider  l'essai.  Ils  permettent  Egalement  de  visualiser  les  niveaux  vibratoires  obtenus  ainsi  que  leurs 
Evolutions. 

*  fonction  de  transfert.  L'opErateur  a  la  possibilitE  de  prEsenter  1,  2  ou  4  fonctions  de 
transfert  par  Ecran  sous  diverses  formes  :  amplitude,  phase,  cohErence,  diagramme  de  Nyquist...  La 
possibilitE  de  superposer  E  l'essai  en  cours  les  fonctions  de  transfert  obtenues  E  l'essai  prEcEdent 
permet  de  porter  un  jugement  qualitatif  sur  1 'Evolution  des  modes  de  1’ avion.  De  plus  un  curseur  sur 
l'axe  des  frEquences  permet  d'afficher  pour  chaque  mode  les  valeurs  d' amplitude,  phase,  cohErence... 
Le  top  de  fin  d'essai  donnE  par  1'opErateur  dEclenche  le  calcul  d' identification  de  chaque  fonction  de 
transfert  et  des  paramEtres  modaux  associEs. 


2.  ANALYSE  MODALE 

Le  premier  Ecran  permet  de  choisir  le  paramEtre 
(rEponse  avion)  que  l'on  veut  examiner. 


Apparait  ensuite  1' Ecran  analyse  (fig.  8)  sur 
lequel  on  trouve  : 

-  les  fonctions  de  tranfert  mesurEe  et  calculEe  E 
l'ordre  optimum. 

-  la  fonction  de  cohErence 

-  Involution  du  critEre  d' identification 

-  les  Evolutions  en  fonction  de  l’ordre 
d’ identification  des  frEquences  et  des 
amortissements  retenus 

un  tableau  des  valeurs  frEquences  c* 

amortissements. 

A  partir  de  toutes  ces  informations  les 
spEcialistes  flottement  valident  1' analyse  et 
attribuent  E  chaque  mode  un  critEre  de  qualitE  : 
A  annulation  du  mode,  0  annulation  de 
1 'amort issement,  1  ou  2. 


L'ensemble  des  rEsultats  de  l'analyse  d'un  essai  sont  rassemblEs  dans  un  tableau  (Fig.  9)  ou 
chaque  colonne  est  attribuEe  E  un  paramEtre.  Un  algorithme  permet  de  trier  les  frEquences  par  ordre 
croissant  et  d'afficher  un  mode  par  ligne.  La  derniEre  colonne  (RESULTAT)  donne  sur  chaque  ligne  la 
synthEse  des  rEsultats  calculEe  comme  suit  : 
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.  SynthEse  des  essais  (Fig.  10) 

Ce  programme  permet  de  tracer  E  partir  des  rEsultats  de  la  synthEse  d’un  essai  les  Evolutions  des 
frEquences  et  amortissements  en  fonction  de  la  vitesse  de  1' avion,  de  ses  diffErentes  configurations 
et  des  conditions  de  vol. 


BILAN  DE  L'UTILISATION  SUR  A320 


La  disponibilitE  du  systEme  a  EtE  totale  durant  toute  la  campagne  d’essai  puisqu'il  n  a  E  aucun 
moment  retardE  un  vol. 

La  surveillance  temps  rEel  avec  la  possibilitE  d' intervention  immEdiate  auprfes  de  1' Equipage 


s'est  rEvElEe  trEs  complEmentaire  du  r die  de 
dEroulement  des  essais  avec  une  sEcuritE  accrue  et 
inexploitables  (turbulences,  pannes  capteurs...) . 


Fig  11-  cadence  des  vols  flottement  A320IA310 


1'ingEnieur  navigant  d’essai.  Crci  a  permis  le 
de  faire  l'Economie  de  vols  qui  se  seraient  rEvElEs 


La  comparaison  avec  les  essais  de  flottement  de 
1'A310  fait  ressortir  les  faits  suivants  : 

-  un  nombre  total  de  vols  identique  pour  les 
deux  avions  malgrE  une  complexitE  beaucoup  plus 
grande  de  l'A320  (commandes  de  vol  Electriques, 
"load  alleviation  function" )T 

-  une  augmentation  de  la  cadence  des  vols. 
Cette  cadence  qui  Etait  en  moyenne  de  1  vol  par 
semaine  sur  1*A310  a  EtE  ramenEe  A  1  vol  par jour 
sur  1*A320. 

(Fig  11  ci-contre) 

-  une  faeilitE  accrue  de  la  recherche  des 
paramEres  les  plus  reprEsentatifs  du  comportement 
de  la  structure. 

-  une  plus  grande  homogEnEitE  et  prEcision  des 
rEsultats  d’ amort issement . 


CONCLUSION 


L'outil  dEveloppE  pour  Sexploitation  en  temps  rEel  des  essais  en  vol  s'est  rEvElE  performant  et 
bien  adaptE  aussi  bien  en  ce  qui  concerne  le  traitement  automatique  des  donnEes  que  dans  l'aide 
apportEe  E  1 'Elaboration  des  rEsultats  et  E  la  comprEhension  du  comportement  en  flottement  de  1 'avion. 

11  a  ainsi  contribuE  E  obtenir  la  certification  de  l'A320  dans  les  dElais  impartis. 

L 'augmentation  de  cadence  de  vols  qu’il  a  autorisE  ne  s'est  faite  ni  au  dEtriment  de  la 
sEcuritE,  ni  £  celui  de  la  qualitE  des  rEsultats. 

Aussi  pour  l'avenir  nous  continuons  E  amEliorer  nos  outils  : 

-  dEveloppement  de  moyens  d'excitation  encore  plus  performants  et  adaptEs  E  tous  typesd’avion. 

-  intEgration  d'une  identification  multi-rEponses  pour  faciliter  la  synthEse  d'un  essai. 

Ceci  permettra  sans  aucun  doute  E  AEROSPATIALE  de  Tester  compEtitive  pour  les  projets  futurs. 
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SUMMARY: 

The  success  of  the  AFFTC  flight  test  safety  program  is  based  on  : 

A.  Careful  attention  to  the  safety  planning  aspects  of  testing  by  each  program 
manager,  with  thorough  review  of  any  applicable  formal  safety  analyses,  investigation  of 
more  experienced  personnel  in  the  subject  of  test  and  review  of  past  programs  of  similar 
nature  for  successful  and  faulty  safety  planning. 

B.  Management  review  of  the  safety  aspects,  endorsement  and  approval  of  every  new 
and  modified  test  program. 

C.  The  establishment  of  a  staff  system  safety  division  which  facilitates  an 
independent  review  of  every  new  and  modified  test  program.  For  a  small  increase  in 
manpower  a  significant  increase  in  safety  awareness  has  been  achieved.  The  safety 
planning  is  still  primarily  the  program  managers  responsibility.  RFS  facilitates  the 
review,  documentation,  and  approval  of  the  program  managers  safety  planning. 

D.  Flexibility  in  the  safety  documentation  when  programmatic  changes  occur. 

E.  Attention  to  test  disciplines  of  control  room  procedures,  conduct  and 
communication . 

F.  The  pretence  of  a  Unit  System  Safety  Officer  at  each  project  to  review  the 
safety  documentation  for  completeness  and  accuracy. 


GENERAL: 

The  Air  Force  Flight  Test  Center  (AFFTC)  currently  employs  a  flight  test  safety 
program  which  uses  the  principles  of  system  safety  in  both  the  planning  and  conduct  of 
all  flight  test  programs.  This  program  attempts  to  achieve  the  optimum  degree  of  safety 
within  the  constraints  of  test  effectiveness,  time  and  cost  attained  through  specific 
application  of  system  safety  management  and  engineering  principles  whereby  hazards  ate 
identified  and  risk  minimized  throughout  all  phases  of  the  test  program.  The  Air  Force 
development  test  safety  record  has  improved  dramatically  over  the  years.  More  test  hours 
were  flown  in  1986  and  1987  at  Edwards  than  in  any  previous  year,  without  the  loss  of  a 
test  aircraft.  There  are  two  be  s  Ic  reasons  for  the  Impact  in  safety:  technology  and 
management  procedures.  Technology  in  the  form  of  telemetry  gives  test  personnel  the 
ability  to  monitor  critical  parameters  in  real  time.  But  monitoring  is  not  enough.  The 
system  must  be  designed  to  minimize  recognition  time,  to  identify  the  proper  corrective 
action,  and  to  Initiate  the  action.  Recognition  time  is  minimized  by  prominently 
displaying  limit  values  of  critical  parameters.  The  proper  corrective  actions  must  be 
defined  in  advance  with  the  test  director  given  the  responsibility  for  notifying  the 
pilot  immediately.  More  important  to  the  test  program  is  the  up-Tront  planning  process. 

Several  years  ago,  after  several  accidents  and  near  accidents,  a  decision  was  made 
at  the  AFFTC  tc  establish  a  separate  flight  test  safety  organization.  The  objective  was 
to  create  a  small  organization  with  some  degree  of  independence  from  the  test  managers. 
The  organization  was  and  is  staffed  by  experienced  pilots  and  engineers  who  are  on 
rotational  assignments.  They  have  current  experience  and  have  a  guaranteed  "return" 
ticket  to  their  parent  functional  organization.  Civilian  engineers  are  given  a 
temporary  promotion.  The  combination  of  a  rotational  assignment  and  temporary  promotion 
attracts  highly  qualified  individuals. 

Every  test  program  manager  is  responsible  for  the  safety  planning  for  his  project. 
A  thorough  review  of  past  programs  of  similar  nature,  any  formally  prepared  contractor 
system  safety  analyses  and  investigation  of  more  experienced  personnel  in  the  subject 
test  is  the  responsibility  of  the  program  manager.  Every  test  program  undergoes  a 
rigorous  safety  review  by  project  personnel  and  senior  supervisors  which  Is  chaired  by 
people  from  the  safety  organization.  The  review  system  brings  to  bear  all  expertise, 
government  and  contractor.  The  review  process  ensures  that  critical  conditions  are 
approached  in  small  steps.  The  safety  track  record  is  significantly  improved  in 
comparison  with  the  past  because  of  a  concerted  effort  to  consider  the  entire  system. 
With  todays  complex  aircraft,  there  is  the  potential  for  Interaction  among  subsystems. 
A  systems  approach  is  taken  during  the  safety  review  by  Including  people  from  a  variety 
of  test  disciplines  in  the  review  process.  As  an  example,  propulsion  and  flying 
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qualities  experts  are  included  in  the  review  of  gun  fire  tests.  Secondly,  people  who 
have  been  involved  in  tests  of  a  given  type  (i.e.,  flutter,  high  angle  of  attack)  on  a 
wide  variety  of  aircraft  are  a  part  of  the  review  process. 

Tests  are  categorized  as  low  risk,  medium  risk,  or  hazardous  based  on  the  severity 
of  potential  hazards  and  probability  of  occurrence.  Examples  of  tests  which  have 
demonstrated  higher  than  normal  risk  include  first  flights,  flight  envelope  expansion, 
flutter  tests,  high  angle  of  attack  testing,  rejected  takeoffs,  and  tests  with  explosive 
warheads.  Minimizing  procedures  to  prevent  a  mishap  from  occurring  or  to  reduce  the 
consequences  of  a  mishap  are  developed  for  each  test  hazard.  All  tests  are  thoroughly 
reviewed  by  the  senior  staff  and  Flight  Test  Center  Commander  prior  to  accomplishment. 

HISTORY: 

In  March  of  1  978  during  a  gunfire  test  on  the  A^IO  aircraft,  both  engines  flamed 
out  from  gun  gas  ingestion.  Due  to  insufficient  altitude  the  engines  were  not  able  to 
be  restarted,  the  pilot  ejected  safely  and  the  A-10  was  destroyed.  The  ensuing  mishap 
investigation  made  several  important  findings.  First  there  were  several  unrecognized 
hazards,  second,  the  associated  minimizing  procedures  had  not  been  established  and 
third,  the  command  authority  had  not  been  advised  of  the  risk  Involved.  In  summary,  a 
perfectly  good  airplane  was  lost  because  the  test  had  been  conducted  at  an  altitude  too 
low  for  engine  restart  when  the  altitude  was  not  critical  to  the  test.  Soon  thereafter 
the  AFFTC  Commander  directed  the  establishment  of  the  system  safety  division. 

AUTHORITY  AND  CHARTER: 

AFFTC  REGULATION  (AFFTCR)  127-3,  Safety  Planning  for  AFFTC  Tests,  contains  the 
authority  and  charter  for  the  AFFTC  System  Safetv  Division  (SES).  AFFTCR  127-3  outlines 
the  procedures  and  responsibilities  for  all  involved  agencies  for  safety  planning  at  the 
AFFTC.  This  Includes  reviewing  the  safety  aspects  of  testing,  Identification  of  the 
hazards  involved,  establishment  of  applicable  minimizing  procedures  and  corrective 
actions,  an  assignment  of  a  risk  level  and  a  final  review  and  approval  by  the  AFFTC 
commander.  SES  is  a  small  liaison  staff  organization  and  consists  of  four  people:  1) 
the  division  chief,  who  is  permanently  assigned  and  ts  a  rated  crewmember,  2)  a  system 
safety  officer,  who  is  temporarily  assigned  and  is  a  rated  crewmember,  and  3)  two 
engineering  representatives  who  are  temporarily  assigned  and  are  selected  from  the 
engineering  community  and  are  temporarily  promoted  to  a  management  level.  This  is  not  a 
"classical"  System  Safety  Office  but  rather  a  flight  test  safety  office  which  uses  the 
principles  of  system  safety.  The  office  personnel  primarily  provide  guidance  to  project 
personnel,  provide  a  safety  database  (lessons  learned),  chair  safety  review  boards  and 
inform  upper  management  of  risks.  In  summary,  for  very  little  increase  In  manpower  a 
more  thorough  level  of  safety  planning  has  been  achieved.  Safety  planning  is  still  the 
primary  responsibility  of  the  program  manager,  however  SES  facilitates  a  more 
disciplined  and  detailed  review,  documentation,  and  approval  process. 

Additionally  one  or  more  Unit  Systems  Safety  Officers  (USSOs)  are  located  at  each 
Test  Organization  or  specific  engineering  discipline.  These  USSOs  ensure  that  safety 
documentation  is  reviewed  and  signed  prior  to  the  safety  review  board(SRB),  after  the 
SRB  has  convened,  and  all  subsequent  safety  documentation  amendments  are  complete  and 
accurate.  Additionally  the  USSOs  in  each  organization  maintain  a  book  or  log  of  their 
organizations  safety  documentation  and  provide  a  common  documentation  and  storage 
system. 

RESPONS  BILIT1ES 


The  responsibilities  of  SES  are  to: 

A  .  chair  the  SRBs , 

B.  provide  guidance  to  project  personnel  : 

1.  to  ensure  that  there  is  consistency  in  documentation  and  planning,  and 

2.  to  facilitate  coordination  of  the  documentation  through  the  approval  cycle, 

and 

C.  provide  a  safety  database  which  consists  of: 

1.  a  file  containing  all  of  the  safety  related  documentation  for  each  project 
from  1974  to  the  present  and, 

2.  a  computerized  database  where  each  piece  of  documentation  is 

logged  according  to  a  control  number,  risk  level,  test  completion  date,  title  of  the 
overall  program,  number  and  title  of  any  subsequent  changes,  open  or  closed  status,  the 
originating  project  office,  the  name  and  phone  number  of  the  project  manager,  the  test 
vehicle  type  (i.e,,  F~16,  B-lB,  etc.)  and  the  Job  Order  Number.  This  database  serves  as 

a  useful  tool  to  both  the  program  managers  and  SES  to  search  for  previous  projects  of  a 
similar  nature  which  helps  in  Identifying  hazards,  minimizing  procedures,  corrective 
actions  and  risk  levels. 

D.  Advise  the  center  commander  o;‘  project  safety  risk  levels. 
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SES  is  involved  with  other  activities  which  to  some  extent  directly  or  indirectly 
promote  the  AFFTC  flight  test  safety  program; 

A.  Liaison  with  the  National  Aeronautics  and  Space  Administration  (NASA) 
Ames/Dryden  Flight  Research  Facility*  United  States  Army  Engineering  Flight  Activity, 
Air  Force  Astronautics  Laboratory  and  other  agencies. 

B.  Training  for  the  USSO  program. 

C.  Training  for  the  Program  Managers  Course. 

D.  Attendance  and  input  at  Technical  Review  Boards. 

E.  Review  and  approval  of  aircraft  Class  II  Modifications. 

F.  Attendance  and  input  at  System  Safety  Working  Groups,  Preliminary  Design 
Reviews,  Critical  Design  Reviews  for  new  and  modified  weapon  systems. 

TEST  SAFETY  PLANNING 

Prior  to  a  safety  review  board  the  project  manager  schedules  and  completes  a 
technical  review  board.  The  program  manager  also  assures  that: 

A.  Potentially  hazardous  testing  has  been  identified  in  the  test  concept 
documentation. 

B.  Advanced  coordination  has  occurred  for  requirements  listed  in  the  Statement  of 
Capability  to  ensure  that  the  safety  requirements  of  each  facility  are  addressed  in  a 
timely  manner. 

C.  Other  personnel  have  been  contacted  with  experience  in  similar  activities  or 
testing  to  assist  in  potential  hazard  i de n t i f i ca t i on  and  risk  reduction  procedures.  He 
has  also  reviewed  the  AFFTC/SES  database  for  hazards  previously  identified  and  lessons 
learned  in  other  AFFTC  tests  of  a  similar  nature. 

D.  The  contractor  system  safety  plans  are  used  to  identify  potential  hazards 
during  test  activities.  This  is  in  accordance  with  Military  Standard  (MIL  STD)  882B  in 
which  the  contractor  Is  required  to  include  as  part  of  the  Contract  Data  Requirements 
List,  various  Preliminary  Hazard  Analyses,  System  Hazard  Analyses  and  Subsystem  Hazard 
Analyses . 


F. .  The  safety  requirements  and  coo  rd  ina  c  ion  for  facilities  other  than  the  AFFTC  if 

used. 

F.  The  technical  adequacy  of  the  test  plan  is  reviewed  and  modified  as  necessary. 
Technical  concerns  such  as  test  objectives,  instrumentation  requirements,  test 
conditions  and  procedures,  sequence  of  testing,  safety  related  factors,  preparation  or 
training  requirements,  resources  required,  operations  and  communications  security,  and 
reporting  requir  ments. 

SAFETY  REVIEW  BOARD: 

The  primary  purpose  of  the  Safety  Review  Board  ( SRB)  is  to  conduct  an  independent 
review  of  the  safety  aspects  of  flight  test  activities.  The  SRB  is  comprised,  as  a 
minimum,  of  a  chairman  (  from  SFS  ),  an  operations  representative,  and  an  engineering 
representative.  Additionally  the  following  apply: 

A.  All  voting  members  are  AFFTC  personnel. 

B.  The  AFFTC  Contract  Management  Division  may  designate  a  voting  '"ember  if  they 
have  been  designated  as  the  Government  Flight  Representative  for  contractor  flight 
operat  ions  . 

C.  SRB  members  are  normally  selected  from  agencies  having  project  responsibilities 
with  significant  test  experience.  Operations  and  engineering  test  agencies  will  provide 
experienced  personnel  to  function  as  SRB  members.  These  people  should  be  senior  in 
tenure  or  test  experience  to  the  project  personnel.  They  should  have  experience  In  the 
type  of  test  activity  to  be  reviewed.  If  possible  they  should  be  selected  from 
intermediate  supervisory  personnel  with  project  familiarity  but  without  sufficient 
project  Involvement  to  present  a  personal  conflict  of  interest. 

D.  Additional  SRB  members  will  be  designated  from  support  agencies  within  the 
AFFTC  If  considered  appropriate  (i.o.,  bioenv  ironmental  ,  airfield  management,  fire 
department,  range  safety). 

Prior  to  the  start  of  the  SRB  the  project  prepares  all  of  the  safety  related 
documentation  which  includes  an  analysis  of  all  hazards  unique  to  a  specific  test 
activity.  The  SR8  members  are  supplied  with  this  information  along  with  the  test  plan 
as  approved  by  the  TRB.  The  project  manager  presents  to  the  board  which  agencies  have 
mishap  responsibilities  for  the  test  article,  the  test  plan  objectives,  proposed  tests, 
test  methods,  test  item  description,  buildup  rationale  and  any  other  tost  unique  Items 
which  are  pertinent  to  the  test  or  activity.  The  board  then  reviews  the  test  unique 
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safety  aspects  of  the  testing.  This  review  does  not  include  the  hazards  of  normal 
operation  or  flying.  Specifically  those  aspects  reviewed  include  the  test  procedures 
including  test  point  to  test  point  or  test  mission  to  test  mission  buildup  techniques 
(i.e.  airspeed,  altitude,  dynamic  pressure)  and  ho',  the  tes’  plan  proceeds  from  least  to 
most  critical  test  points  as  far  as  hazard  or  severity  is  concerned,  A "  y  predictions 
based  on  analysis,  simulator,  wind  tunnel,  or  laboratory  results  are  reviewed  by  the 
board.  The  procedures  used  for  command  and  control  of  the  testing  are  reviewed  with 
particular  emphasis  on  control  room  procedures  and  identification  of  the  test  personnel 
responsibilities.  The  board  reviews  all  hazards  identified  by  the  project,  identifies 
any  additional  hazards  that  may  be  discovered,  and  makes  suggestions  on  how  to  improve 
the  test  from  a  safety  p  o  1  n  t  -  o  f  -  v  i  e  w .  It  is  not  the  intent  of  the  board  dictate  to  a 
project  how  to  do  a  test  or  demand  that  certain  safety  concerns  be  incorporated.  The 
boards  primary  function  is  to  conduct  an  independent  review.  This  is  not  to  say  that 
the  board  is  without  a  certain  amount  of  inherent  power  because,  after  all,  the  board 
members  do  determine  the  risk  level  associated  with  the  tests.  If  they  feel  that  : he 
project  has  not  taken  prudent  safety  precautions,  then  they  will  assess  a  risk  level 
higher  than  they  might  have  had  prudent  safety  precautions  been  taken.  Finally,  the 
board  makes  an  assessment  of  the  risk  level  associated  with  the  testing.  The  risk  level 
may  be  broken  down  to  a  specific  flight,  types  of  tests  or  even  specific  test  points. 
The  risk  is  defined  as  either  LOW,  MEDIUM  or  HAZARDOUS  risk.  Risk  assessment  is 
determined  as  a  function  of  hazard  category  level  and  each  hazards  probability  of 
occurrence.  Figure  1  summarizes  the  risk  levels  from  a  matrix  of  hazard  category  and 
probability  of  occurrence. 


PROBABILITY  OF  OCCURRENCE 


HAZARD  CATAGOR1ES 


The  following  definitions  are  also  considered  when  assigning  a  risk  level: 

A.  LOW  risk  is  defined  as  tests  or  activities  which  ,>re::v  no  greater  risk  than 
normal  operations.  Routine  supervision  Is  appropriate.  1  he  program  manager, 
appropriate  test  force  director  or  their  designated  representative  will  be  briefed  and 
will  approve  all  LOW  risk  tests. 

B.  MEDIUM  risk  is  defined  as  tests  or  activities  which  present  a  greater  risb  to 
personnel,  equipment,  or  property  than  normal  operations  and  require  more  than  routine 
supervision.  Any  activity  or  test  determined  to  be  MEDIUM  risx  will  be  briefed  to  and 
approved  by  the  Test  Wing  Commander  within  one  working  day  before  their  anticipated 
accomplishment  . 

C.  HAZARDOUS  is  defined  as  tests  or  activities  which  present  a  significant  risk  to 
personnel,  equipment,  or  property,  even  after  all  precautionary  measures  have  beer, 
taken.  Close  supervision  Is  required  at  all  levels.  Appendix  I  lists  hazards  of  some 
tests  by  discipline.  Activities  or  tests  determined  to  be  ti  AZ  A  R  DOl!  >  are  brlefeo  to  and 
approved  by  the  AFFTC  Commander  within  one  working  day  before  th^ir  anticipated 
accomplishment.  Tests  which  should  be  considered  potentially  HAZAR  DOl1  S  are: 

1.  First  flights  of  new  aircraft  configurations. 

2.  Flight  envelope  expansion. 
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3 .  Flutter  testing. 

4.  Rejected  takeoffs  at  high  brake  energy  levels. 

3.  Sing’ e- engine  aircraft  airstart  envelope  deLermination. 

6.  High  ang 1 e-o f - a 1 1 ac k ,  spin  prevention,  ana  out -of -con t ro 1  recovery  tests. 

7.  Helicopter  height- ve locity  envelope  determination. 

8.  Ground  and  air  minimum  control  speed  determination. 

9.  Flight  tests  of  developmental  or  prototype  unmanned  vehicles. 

10.  Explosives  tests. 

11.  Tests  involving  high  energy  LASERS,  MASERS,  electromagnetic  emitters,  or 
hazardous  (toxic,  radioactive,  etc.)  materials. 

12.  Armament  testing. 

a.  Testing  with  live  explosive  warheads. 

b.  Powered  flight  of  developmental  or  prototype  missiles. 

c.  Flight  envelope  clearance  tests  of  new  armament  or  release  systems. 

13.  Initial  flights  after  completion  of  Class  II  modifications  (AFSCR  80-33) 
which  could  affect  structural  integrity,  aerodynamic  stability,  or  safety  of  flight. 

14.  Initial  investigations  of  stall  characteristics  or  minim urn  usable  flying 
speeds  of  new  aircraft  designs,  or  of  modified  aircraft  which  are  predicted  to  have 
degraded  stall  characteristics. 

15.  Low  altitude  tests  of  terrain  a v o  i  d a n c e / t e r r a i n  following  radars  or 
systems  and  night  low  altitude  tests. 

A  coordination  package  is  then  prepared  with  all  the  above  carefully  detailed.  The 
package  is  then  coordinated  through  the  projects  Test  Organization,  The  Test  Group 
(engineering),  the  Test  Wing  (operations),  the  Directorate  of  Safety,  and  then  the 
Center  Commanders  staff.  The  project  manager  and  the  SRB  chairman  then  brief  the 
program  to  the  AFFTC  compander.  The  Commanders  approval  is  clearance  to  begin  testing. 

PROGRAM  CHANGES: 

Even  though  all  of  the  above  planning  may  appear  to  be  exhaustive  and  all 
inclusive,  programmatic  changes,  test  vehicle  changes  and  even  unexpected  test  results 
occur  which  may  affect  the  previous  safety  planning.  The  proposed  changes  are 
documented  in  a  Test  Project  Safety  Review  Amendment.  If  the  changes  atfect  tne 
assigned  risk  level,  depending  on  the  extent  of  the  changes: 

A.  A  SRB  may  be  reconvened  or, 

B.  Coordination  of  the  SRB  members  may  be  required. 

If  the  changes  merely  modify  some  phase  of  test  conduct  with  no  effect  on  the 
original  safety  considerations  the  t  e  amendment  will  not  require  that  an  SRB  reconvene 
or  the  board  members  signatures.  Tne  amendment  is  coordinated  again  through  the  Test 
Organization,  through  the  responsible  parent  organization:  the  Test  Wing  or  Test  Group, 
and  is  approved  by  the  test  wing  commander  if  the  changes  do  not  significantly  Impact 
ihe  original  safety  considerations.  If  an  SRB  had  to  be  reconvened,  the  same 
coordination,  brlt.lng  and  approval  process  that  was  required  for  the  original  package 
will  be  duplicated.  All  amendments  are  attached  to  the  original  safety  documents  and  in 
most  cases  all  previous  amendments  as  well  as  the  original  package  are  intended  to  apply 
to  the  new  amendment.  If  a  change  increases  the  risk  level  or  changes  a  test  previously 
considered  HAZARDOUS,  the  Center  Commander  is  the  final  approval  authority  for 
amendment  s  . 

PERFORMANCE: 

One  might  think  that  the  above  process  is  too  complicated  and  time  consuming  to  be 
effective.  The  AFFTC  flight  test  safety  record,  however  has  greatly  Improved  since  the 
implementation  of  SES,  The  following  table  summarizes  the  number  u.‘  ilight  test  hours, 
support  test  hours,  SRBs  and  amendments  for  the  last  eight  and  one-half  years  at  the 
AFFTC . 
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YEAR 

FLIGHT  TEST 
HOURS 

SUPPORT  TEST 
HOURS 

SR  B  s 

AMENDMENTS 

1980 

1836 

4964 

82 

163 

1 58  i 

2394 

545  1 

67 

236 

1982 

2677 

4175 

73 

284 

1983 

3894 

5451 

57 

327 

1984 

3978 

4289 

60 

250 

1985 

4208 

5293 

42 

220 

1986 

5697 

5452 

57 

242 

1987 

5188 

5852 

85 

214 

1988 

4C97* 

6655* 

64 

172 

*  Results  are  as  of  29  August  1988. 

TESTING: 

GENERAL. 

Test  procedures  are  addressed  In  the  SRB  and  It  Is  because  they  are  developed 
and  reviewed  prior  to  testing  that  they  have  become  effective  in  minimising  the 
probability  of  encountering  a  given  hazard  during  inherently  hazardous  testing.  AFFTCR 
55-23,  Test  Control  and  Conduct,  specifies  the  responsibilities  and  procedures  for  the 
control  and  conduct  of  flight  testing  for  which  the  AFFTC  is  the  responsible 
organization.  A  test  director  is  designated  by  the  Test  Organization  director  or 
program  manager  who  executes  the  test  activity  as  stated  in  the  test  plan.  The  test 
director  ensures  key  personnel  (CTF  director,  project  manager,  test  controller,  project 
engineer,  pilot,  etc.)  attend  pre-  and  post-flight  briefings.  The  test  conductor  Is 
responsible  for  the  conduct  of  these  briefings.  Test  mission  conduct  is  categorized 
into  two  types: 

A.  Those  that  require  only  ground  monitoring  or  occasional  radio  communication 
between  the  test  aircraft  and  ground  personnel  (communication,  antenna  patterns, 
navigation,  simulated  weapon  delivery,  some  performance  and  radar  functional  tests)  and, 

B.  Those  that  require  test  data  to  be  telemetered  and  some  form  of  ground 
control  from  test  personnel  (high  ang  1  e-o  f -*»  1 1  a  c  k ,  first  flight,  maximum  performance 
braking,  cruise  missile  free  flights,  envelope  expansion,  weapons  separation,  some  gun¬ 
fire,  and  some  air-to-air  and  air-to-ground  missile  firings).  Most  tests  determined  to 
be  HAZARDOUS  by  the  SRB  require  ground  control.  Because  each  test  and  test  program  is 
unique  AFFTCR  55-23  is  only  a  guideline  for  control  room  procedures  and  policies.  Each 
CTF  generally  writes  their  own  operating  Instructions  (01)  for  Its  specific  control  room 
procedures.  AFFTC  experience  in  mission  control  of  sophisticated  aircraft  performing 
complex  test  maneuvers  has  given  the  personnel  unique  insight  into  mission  control 
operations.  The  01  must  contain  a  list  of  unambiguous  commands  to  be  used,  along  with 
their  meanings. 

PERSONNEL. 

Key  individuals  and  duties  typically  found  at  the  AFFTC  are: 

A.  Mission  Test  Pilot  (pilot  In  command)  is  responsible  for  the  safe  operation 
of  the  test  aircraft  and  successful  completion  of  the  test  mission. 

B.  Flight  Test  Director  is  responsible  for  all  engineering  and  support  aspects 
of  the  mission. 

C.  Flight  Test  Controller  is  responsible  for  real  time  coordination  of  ground 
activities  with  aircrews;  paces  the  progression  through  the  test  cards  as  agreed  to  in 
*he  mission  pre-briefing  and  defers  iO  the  pilot  and  flight  test  director  for  decisions 
as  appropriate. 

D.  Flight  Test  Engineer  is  responsible  for  the  technical  adequacy  of  the  test. 

E.  Operations  Engineer  Is  responsible  for  test  aircraft  mission  preparation 
and  range  requirements  scheduling. 

F.  Duty  Pilot  1 8  responsible  for  advising  mission  test  pilot  from  the  mission 
control  room  regarding  normal,  work-around  and  emergency  procedures. 

PROCEDURES . 

For  HAZARDOUS  tests,  the  following  conditions  must  exist  or  the  test  will  be 
terminated: 

A.  Safety-of-f light  go/no-go  requirements  as  identified  in  the  SRB  must 
function  properly. 

1.  Telemetered  Parameters 

2.  Control  Room  Displays 


X. 
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3.  Aircraft  Equipment 

4.  Ground  Support  Equipment 

5.  Etc. 

B.  The  pilot  will  not  proceed  to  the  next  test  point  unless  cleared  by  the 
test  director  via  the  flight  test  controller. 

Key  elements  found  In  AFFTC  control  room  procedures: 

A.  Critical  safety  of  flight  parameters  for  each  mission  phase  are  monitored 
In  the  mission  control  room  at  all  times;  before,  during  and  after  test  points  and 
maneuvers. 

B.  All  essential  control  room  personnel  are  In  place  before  any  testing  Is 
Ini  t lated . 

C.  Under  normal  conditions,  only  the  flight  test  controller  communicates  with 
the  mission  test  pilot. 

D.  All  mission  control  room  personnel  are  in  direct  communication  with  each 
other  and  the  flight  test  controller.  All  mission  control  room  personnel  monitor  air- 
to-ground  communications. 

E.  The  mission  test  pilot  or  any  member  of  the  mission  control  room  can 
terminate  a  test  maneuver  via  the  flight  test  controller. 

F.  All  project  control  room  personnel  are  qualified  in  their  duties  and 
checked  out  in  test  procedures,  via  a  documented  training  program. 

G.  All  safety  or  mission-critical  steps  in  the  flight  are  command/ response : 
the  flight  test  controller  commands  and  the  mission  test  pilot  responds. 

H.  The  mission  test  pilot  calls  the  start  and  completion  of  each  test 

maneuver . 

An  example  of  a  command  response  checklist  used  for  high  ang 1 e-of-at t ack  testing  is 
contained  In  Appendix  II.  This  checklist  was  recently  put  to  test  during  an  F-16  high 
angle  of  attack  test  mission.  All  of  the  procedures  were  followed  according  to  the 
checklist,  yet  an  improperly  mated  electrical  connector  prevented  deployment  of  the  spin 
chute.  By  using  the  checklist  and  the  remaining  minimizing  procedure  (pitch  rocking 
maneuver),  the  aircraft  was  recovered  without  incident.  An  amendment  was  then  filed 
with  SES  documenting  an  additional  safety  feature  to  prevent  the  electrical  connector 
from  being  improperly  mated. 


12-8 


HAZARDS: 


HAZARDS : 


HAZARDS: 


HAZARDS: 


HAZARDS : 


HAZARDS : 


APPENDIX  I 


A  LIST  OF  TYPICAL  HAZARDS 


BY  TEST  DISCIPLINE 


First  flights  of  new  aircraft  configurations. 

a.  Undesirable  flight  control  system  characteristics 

b.  Inability  to  control  the  aircraft 

-  Total  flight  control  system  failure 

-  Hardover  stabllator 

-  Loss  of  stick  control  commands 

-  Air  data  failure 

-  Multiple  failure  of  electrical  system 

c.  Structural  overload/failure 

d.  Exceeding  structural  limits 

e.  G-induced  loss  of  consciousness 

f.  Loss  of  directional  control  during  ground  handling 

g.  Blown  tire 

Flight  envelope  expansion. 

a.  Undesirable  flying  qualities 

b.  Inadequate  control  in  one  or  more  axes 

c.  Out  of  control 

d.  Structural  overload 

e.  Engine  failure  to  start 

Flutter  testing. 

a.  Undesirable  flying  qualities 

b.  Structural  failure 

-  Unanticipated  catastrophic  flutter 

-  Loads  exceed  structural  capability 

Rejected  takeoffs  at  high  brake  energy  levels. 

a.  Explosive  tire/wheel  failure 

b.  Loss  of  directional  control  on  ground 

c.  Structural  failure  of  landing  gear 

d.  Brake/ land  ing  gear  fire 

e.  B 1  own  tire 

f.  Airplane  departs  taxiway/runway 

S i ng 1 e -eng  i  ne  aircraft  airstart  envelope  determination. 

a.  Engine  will  not  relight 

b.  Engine  ov e rt empe ra t u re / o verspeed  during  re  1 i gh t ( ope r a b 1 e ) 

c.  Engine  f! ameout 

d.  Engine  stall/surge:  recoverable/unrecoverable 

e.  Fop/ su  rge 

High  ang 1 e-of-at tack,  spin  prevention,  and  out-of-control  recovery  tests. 

a.  Departure  from  controlled  flight 

b.  Inability  to  achieve  aerodynamic  recovery  following  a 
departure 

c.  Control  recovery  chute  fails  to  recover  the  aircraft 

d.  Control  recovery  chute  recovers  aircraft  but  will  not 
release 

e.  Failure  of  control  recovery  chute  emergency  jettison 

f.  Loss  of  control  after  releasing  spin  chute 

g.  CG  further  aft  than  desired 

h.  Pilot  disorientation 

i.  Engine  stagnation 

J.  Accidental  firing  of  recovery  chute  pyrotechnics 

k.  Store  impact  outside  spin  area 

l.  Control  recovery  chute  entangles  the  aircraft  during  ground 
d  ep loyment 

m.  Control  recovery  chute  falls  to  deploy  on  command  after 
being  armed 

n.  Control  recovery  chute  deployment  exceeds  structural  limits 
of  mounting  assembly 

o.  After  jettison,  control  recovery  chute  impacts  ground  in 
populated  area 


12-9 


7.  Helicopter  he  1 ght- v e 1 oc i t y  envelope  determination. 


HAZARDS: 


a.  Hard  landing 

b.  Englne(s)  failure 

c.  Pilot  error  (technique) 

d.  Pilot  cuts  two  engiues  instead  of  one 


8.  Ground  and  air  minimum  control  speed  determination. 


HAZARDS: 


a.  Loss  of  aircraft  directional  control 

b.  Failure  of  operating  engine 

c.  Departing  runway 

d.  Loss  of  control  during  ground  roll 


9.  Flight  tests  of  developmental  or  prototype  unmanned  vehicles. 


HAZARDS: 


a.  Loss  of  unmanned  vehicle  control 

b.  Mid-air  collision  between  unmanned  vehicle  and  chase 

c.  Loss  of  track  of  unmanned  vehicle 

d.  Structural  failure 

e.  Dropped  object 

f.  Inadvertent  Jettison  impacts  outside  range  boundaries 

g.  Jettisoned  missile  strikes  carrier  aircraft 

h.  Hung  store 

1.  Deployment  of  stabilizing  parachute  during  external  carriage 


10.  Explosives  tests. 


HAZARDS: 


Excessive  gun  gas  concentrations  in  the  gun  compartment 
Projectile  ricochet 
Attacking  the  wrong  target 


11.  Tests  involving  high  energy  LASERS,  MASERS,  electromagnetic  emitters,  or 
hazardous  (toxic,  radioactive,  etc.)  materials. 


HAZARDS:  a.  Unplanned  exposure  to  laser  light 

b.  Laser  fired  at  or  towards  personnel 

12.  Armament  testing  including  tests  of  live  explosive  warheads,  powered 
flight  of  developmental  or  prototype  missiles  and  flight  envelope  clearance  tests  of  new 
armament  or  release  systems. 


HAZARDS : 


a.  Missile  exhaust  gas  ingestion  by  engine 

b.  Hung  store 

c.  Inadvertent  release  and/or  store  impact  outside  of 
designated  area 

d.  Mid-air  collision  with  photo/safety  chase,  missile  or  other 
aircraft 

e.  External  stores  contact  aircraft 

f .  Hang  fire 


13.  Initial  flights  after  completion  of  Class  II  modifications  (AFSCR  80-33) 
which  could  affect  structural  Integrity,  aerodynamic  stability,  or  safety  of  flight. 


HAZARDS:  See  firsc  flights  of  new  aircraft  configurations. 


14.  Initial  investigations  of  stall  characteristics  or  minimum  usable  flying 
speeds  of  new  aircraft  designs,  or  of  modified  aircraft  which  are  predicted  to  have 
degraded  stall  characteristics. 


HAZARDS:  See  first  flights  of  new  aircraft  configurations  and  ground  and 

air  minimum  control  speed  determination. 

15.  Lew  altitude  tests  of  terrain  a  v  o  i  d  a  n  c  e  /  t  e  r  r  a  i  n  following  radars  or 
systems  and  night  low  altitude  tests. 


HAZARDS : 


a . 

Aircraft  striking  ground 

o  r 

obstacles 

b. 

Bird  strike  on  canopy 

c. 

Radiat ion 

d. 

Pilot  inc apac i t a t i on / 1  os s 

of 

consciousness 

e. 

Mid-air 

f. 

Aircraft  striking  ground 

in 

weather 
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APPENDIX  II 


F-16  high  ahgle-of-attack 


aircraft  ACTION 


RECOVERY  PROCEDURES 

HIGH  AOA  RECOVERY  PROCEDURES 

TEST  CONTROL  CALLS  ACTION 

TO  PILOT 


DEPARTURE 

"DEPARTURE/THROTTLE  IDLE" 

1. 

2  . 

IMMEDIATELY  RELEASE 
CONTROLS 

THROTTLE  TO  IDLE 

NO  RECOVERY 

"BEGIN  PITCH  ROCKING" 

1. 

BECIN  PITCH  ROCKING 

ERECT  SPIN 
(SUSTAINED  YAW 

RATE  ABOVE 

50  DEG/SEC) 

"DEPLOY/ DEPLOY /DEPLOY" 

I  . 

DEPLOY  SPIN  CHUTE 

INVERTED  SPIN 

"RUDDER  LEFT/RICHT. ..NEUTRAL" 

1. 

APPLY  LEFT/RIGHT 
RUDDER. . .NEUTRAL 
RUDDER 

NO  RECOVERY  @  25K 

OR  60  SECONDS  @  0  G 

" DEPLOY /DEPLOY /DEPLOY " 

1  . 

DEPLOY  SPIN  CHUTE 

AFTER  RECOVERY 

OR  NO  RECOVERY 

"RELEASE  CHUTE" 

1. 

RELEASE  SPIN  CHUTE 

NO  RECOVERY 

"AFT  FEED/  AFTERBURNER" 

(IF  ERECT) 

"BEGIN  PITCH  ROCKING" 

1. 

2. 

.  aftfeed/afterburner 
(IF  ERECT) 

BEGIN  PITCH  ROCKING 

NO  RECOvERY 

"DEPLOY  ALTERNATE  FLAPS" 

1. 

DEPLOY  ALTERNATE 
FLAPS 

NO  RECOVERY 

"JETT  t SON  STORES" 

1 

.  JETTISON  STORES 

NO  RECOVERY  @  13K 

"EJECT/EJECT/EJECT" 

1 

.  F.JECT 
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RESULTS  AND  PRACTICAL  EXPERIENCE  USING 
PARAMETER  IDENTIFICATION  TECHNIQUES  ON  THE 
AM-X  PROGRAM  AT  AERMACCHI 

M.Lucchesini ,  P.Maestrelli 
L.Manfriani,  P.Chimetto 
Technical  Department 
AERMACCHI  S.p.A. 

Via  Sanvito,  80 
21100  -  Varese 
ITALY 


SUMMARY 

This  paper  presents  the  results  and  the  practical  experience  gained  by  introducing 
the  parameter  identification  technique  in  AM-X  flight  test  analysis  at  Aermacchi. 

Taking  into  account  the  Company’s  requirement,  preference  was  given  to  a 
well  known  and  established  program  that  could  guarantee  excellent  cost  ef fectiveness 
The  Iliff-Maine  code  used  (MMLE3  program)  during  the  flight  test  program  is  shown 
to  be  robust  enough  to  provide  useable  results  rapidly  in  almost  any  conditions. 

Aerodynamic  derivatives  were  evaluated  using  linear  and  parabolic  models  over 
a  wide  range  of  Mach  numbers,  altitudes  and  angles  of  incidence. 

Both  longitudinal  results  and  an  analysis  of  a  lateral  departure  are  presented. 


1.  INTRODUCTION 

The  AM-X  program  originated  from  a  1977  requirement  of  the  Italian  Air  Force, 
which  specified  a  single-seat  combat  aircraft  optimized  for  battlefield  interdiction, 
reconnaissance  and  close  air  support  missions. 

The  convergence  of  the  above  operational  requirements  with  those  of  the  Brasilian 
Air  Force  led  to  a  joint  program  carried  out  by  the  Italian  Companies  Aermacchi 
and  Aeritalia  and  by  the  Brasilian  Company  Embraer. 

The  outcome  oi  this  process  was  the  AM-x  aircraft,  developed  using  modern 
technologies  such  as  control  and  stability  augmentation. 

As  a  consequence,  conventional  criteria  for  flying  qualities  evaluation  had 
to  be  integrated  with  new  analytical  approaches. 

For  example,  analysis  and  evaluation  of  control  system  design  make  increasing  use 
of  the  direct  determination  of  aerodynamic  stability  and  control  derivatives. 

The  use  of  parameter  identification  techniques  from  the  very  beginning  of  the  flight 
tests  was  therefore  envisaged. 

A  decisive  factor  in  choosing  the  computer  program  to  be  used  was  that,  within 
the  work  sharing  among  the  three  companies  involved,  AermaOchi  had  the  task  of 
performing  an  extensive  analysis  of  flight  envelopes  already  cleared  by  Aeritalia 
from  the  flight  mechanics  point  of  view.  Taking  into  account  the  massive  bulk  of 
data  to  be  processed  the  preference  was  given  to  a  well  known  rand  established  program 
that  could  guarantee  excellent  cost-effectiveness: 

the  Iliff-Maine  code  (known  as  HMMLE3"  program,  ref.  1)  modified  for  the  company's 
computer  and  integrated  with  pre-  and  post-processor  to  make  it  user-friendly. 

"MMLE3"  is  a  program  that  evaluates  aerodynamic  derivatives  based  on  the  method 
of  "maximum  likelyhood".  The  real  and  modelled  systems  are  excited  by  inputs  as 
recorded  in  flight;  then,  by  varying  the  unknown  derivatives,  the  probability  of 
getting  the  same  response  from  the  two  systems  is  maximized.  This  statistic  approach 
allows  one  to  obviate  the  complications  due  to  the  inevitable  uncertainties  of 
measurement  and  modelling. 

This  paper  presents  the  results  and  the  experience  gained  by  introducing  this 
technique  in  AM-X  flight  test  analysis.  The  practical  problems  to  be  confronted 
were  the  choice  of  suitable  manoeuvres  to  be  performed  by  the  pilot,  the  appropriate 
modelling  of  the  aircraft,  the  data  acquisition  and  processing  system  architecture 
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and  finally  the  analysis  of  the  results  followed  by  the  verification  of  the  predicted 
aerodynamic  data. 

2.  FLIGHT  TEST  TECHNIQUES 

The  AM-X  flight  test  program  addressed  the  evaluation  of  the  characteristics 
of  the  aircraft  and  its  systems  throughout  the  flight  envelope. 

Seven  prototypes  were  used  in  the  test  program,  of  which  five  in  Italy  and  two 
in  Brazil,  flying  a  total  of  over  1300  hrs.  by  June  1988. 

The  partecipation  in  the  AM-X  program  allowed  Aermacchi  to  develop  its  Flight 
Test  Department  significantly,  by  consolidating  the  telemetry,  ground  station  and 
digital  PCM  acquisition  systems. 

2.1  Data  acquisition  and  preprocessing 

The  flight  test  instrumentation  system  (see  fig.  1)  is  made  up  of  the  onboard 
digital  PCM/FM  data  acquisition  system  and  the  ground  based  telemetry/recording 
system.  The  signals  are  acquired  by  dedicated  transducers  or  taken  from  aircraft 
system  DATA  BUSes  and  transmitted  to  the  ground  station  by  the  telemetry  system, 
together  with  pilot  voice. 

The  ground-based  system  takes  care  of  aircraft  tracking  and  chooses  the  better 
of  two  signals  transmitted  through  separate  channels.  The  data  are  then  passed 
to  a  computer  for  real  time  processing  and  display  on  CRTs  in  the  control  room. 

The  maximum  capacity  of  the  data  acquisition  system  is  512  channels  with  a 
sampling  frequency  ranging  from  1  to  256  SPS.  Since  each  sample  is  represented 
by  an  11-bit  word,  this  corresponds  to  a  1.44  Mbits/s  transmission  rate. 

Stability  and  control  data  are  generally  sampled  at  32  SPS  since  this  allows 
a  good  reconstruction  of  the  signal  without  overloading  the  system.  Digital  filters 
are  used  where  necessary. 

2.2  Flight  manoeuvres 

The  flight  manoeuvres  were  chosen  to  take  advantage  of  the  small  perturbation 
approach  to  stability  and  control  analysis;  this  allowed  data  to  be  obtained  from 
a  single  flight  condition  with  small  variations  from  the  reference  conditions. 
Locally  linearised  aerodynamic  models  could  therefore  be  used,  with  advantages 
that  will  become  evident  in  the  subsequent  discussion. 

Care  was  taken  to  design  a  "small  perturbation"  manoeuvre  ha,ring  the  highest 
possible  Signal /Noise  (S/N)  ratio.  High  frequency  noise  originating  from  vibrations, 
atmospheric  turbulence,  sensor  accuracy  and  resolution  could  be  filtered,  while  low 
frequency  noise  close  to  the  system's  natural  frequencies  was  more  difficult  to 
distinguish. 

Test  pilots  were  constantly  involved  in  flight  test  planning.  Difficult  pilot 
tasks  such  as  3-2-1-1  manoeuvres  were  perfected  during  extensive  training,  with 
highly  satisfactory  results.  Both  multistep  and  impulse-type  manoeuvres  were  used, 
as  well  as  frequency  sweeps  to  provide  input  data  for  the  parameter  identification  pro¬ 
gram.  Examples  of  manoeuvres  analysed  are  shown  in  Fig.  2. 

3.  MODELLING  TECHNIQUES 
3.1  General 

The  standard  MMLE3  matv  *ii)atical  models  and  equations  of  aircraft  dynamics 
were  used  as  these  are  most  appropriate  for  the  analysis  of  the  large  number  of 
test  points  needed  to  cover  the  complete  flight  envelope. 

Lateral  and  longitudinal  dynamics  were  decoupled  by  considering  the  aircraft 
symmetry  in  the  XZ  plane  (I  =  I  =0)  and  by  using  data  obtained  from  flight 
test  for  the  remaining  couple<f^erms  yir»  the  equations  of  motion  (ref.  2). 

The  aerodynamic  coefficients  were  linearised  as  follows: 
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LONGITUDINAL  EQUATIONS  IN  BODY  AXES: 
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LATERAL/DIRECTIONAL  EQUATIONS  IN  BODY  AXES: 
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3.2  Influence  of  augmentation  system  on  modelling 

The  schemes  of  the  lateral  and  longitudinal  control  systems  of  the  AM-X  are 
given  in  figure  3. 

The  presence  of  feedbacks  in  the  pitch,  roll  and  yaw  channels  leads  to  complications 
when  parameter  identification  is  attempted  as  the  closed  loop  gains  and  characteristics 
of  the  wash-out  filters  in  the  feedback  loops  must  be  determined.  This  implies 
including  feedback  of  the  3  angular  velocities  in  the  models  of  the  lateral  and 
longitudinal  systems. 


An  equally  valid,  and  less  complicated,  approach  is  to  use  the  concept  of 
an  equivalent  aircraft  developed  by  Koehler  and  Wilhelm  (ref.  3)  which  has  the 
advantage  of  avoiding  the  need  to  modify  the  identification  program  itself.  This 
approach  is  possible  fo^  systems  where  the  feedback  can  be  considered  constant, 
as  in  the  case  of  the  AM-X  at  a  given  flight  condition  (the  wash-out  filter  has 
virtually  no  effect  on  the  dynamics  of  the  transient  response). 

In  this  case  the  displacements  of  the  control  surfaces  can  be  described  by  an  equation 
of  the  form: 


+  b  «  .  where  a,b  =  constant 

pilot 

and  the  concept  of  an  equivalent  aircraft  can  be  introduced. 
Taking  the  basic  aircraft  equations 

x  +  [  A 1  x  =  [  B  ]  u 


P 

«  =  a  q 

r 


and  adding  the  control  system  feedback  as 


u  =  (C]x  + 
we  obtain  the 


[D'!ipilot 

"equivalent  aircraft  equations": 


x  +  (fA]  -  |B)  [C])x  =  [B]  (D]upllot 

which  are  of  the  same  form  as  those  of  the  basic  aircraft. 


In  the  case  of  the  longitudinal  equations,  for  example,  only  the  column  containing 

pi tch  rate  terms  is  modified. 

Cr  and  C  are  replaced  by 
Lq  mq 
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> 

equiv 

CLq 

-f 

G 

q 

K 

s  Li  long 

1  C 

mq 

equiv 

=  C 

mq 

+ 

G 

q 

K  C 

s  mi  long 

where 

CL4 

long 

=  CL4e 

G 

e 

+ 

CLi  stab 

long 

=  Cmse 

G 

e 

+ 

C  G 

mi  stab  s 

Although  this  technique  seemed  particularly  suited  to  the  AM-X  and  was  thus  adopted 
for  parameter  identification  of  the  augmented  aircraft,  the  results  obtained  were 
disappointing.  For  example,  the  SPO  manoeuvre  with  full  FCS  carried  out  at  5000  ft 
and  Mach  0.5  shown  in  fig.  4  indicates  that  the  curve  fitting  is  highly  approximate. 

A  further  difficulty  was  the  identification  of  the  stability  derivatives:  the  program 
attempted  to  represent  damping  effects  by  varying  both  C  L  and  Cm  ,  making  it 
necessary  to  fix  CJ.,  at  a  value  previously  identified  using  the  "BaVe  airframe" 
mode 1 . 


The  results  obtained  in  this  case  are  summarised  in  the  following  table,  in 
which  the  closed  loop  characteristics  of  the  "bare  A/C"  were  calculated  by  using 
nominal  augmentation  values  given  by  known  values  of  feedback  gains: 


MACH  0.5  H  =  5000  ft  All/FLT  15/  CONFIG.  CRU  CLEAN 


TYPE  OF  IDENTIFICATION 

OPEN  LOOP 

CLOSED  LOOP 

u 

spo 

c 

spo 

<■> 

spo 

spo 

WIND  TUNNEL  DERIVATIVES  + 
NOMINAL  AUGMENTATION 

3.40 

0.290 

3.65 

0.690 

IDENTIFIED  BARE  AIRCRAFT  + 
NOMINAL  AUGMENTATION 

3.60 

0.310 

3.92 

0.750 

IDENTIFIED  EQUIVALENT 

AIRCRAFT  DERIVATIVES 

B 

/ 

2.91 

0.410 

FITTING  ON  "q" 

3.80 

0.315 

3.55 

0.700 

TABLE  1  -  Short  period  frequency  and  damping  ratios  obtained  using 
different  methods  of  identifying  aerodynamic  parameters. 

The  discrepancies  are  due  to  limited  actuation  rates  of  the  stabiliser  and  various 
non-linear  elements  in  the  real  system,  such  as  hysteresis  and  dead  bands,  which 
are  not  modelled  by  the  schemes  of  fig.  3. 

The  presence  of  non-linear  element  makes  the  aircraft  response  particularly 
sensitive  to  pilot  input.  The  impression  gained  was  that  the  non-linearities  would 
inhibit  the  identification  of  control  system  parameters  even  if  complicated  models 
of  the  system  were  used. 

In  the  light  of  these  results  the  most  appropriate  course  of  action  seemed 
to  be  to  limit  parameter  identification  to  the  bare  aircraft  and  to  obtain  dynamic 
parameters  (frequencies  and  damping  ratios)  of  the  augmented  aircraft  using  known 
values  of  feedback  gains.  These  gains  were  available  as  design  data  and  were  substan¬ 
tiated  by  ground  tests. 

To  check  the  validity  of  this  approach,  a  fitting  was  made  to  the  pitch  rate 
signal  obtained  during  a  flight  test  where  the  same  manoeuvre  was  repeated  with 
FCS  engaged  and  disengaged.  The  results,  given  in  the  last  row  of  table  1,  show 
satisfactory  agreement  with  those  of  the  bare  aircraft  model  with  nominal  augmentation 
( row  2 ) . 
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3.3  Parabolic  model 

Linear  aerodynamic  models  were  employed  throughout  the  flight  envelope  and 
generally  gave  good  results.  The  only  exception  was  the  longitudinal  model  at  low 
speeds  when  and  could  no  longer  be  described  as  linear  functions  of  alpha. 

In  this  case  attempts  to  fit  the  normal  load  factor  (a  )  traces  suggested  that 
a  quadratic  terra  in  a  would  be  necessary  (see  fig.  5).  2 

This  was  done,  without  any  modification  to  the  program,  by  using  an  a  input  signal  as 
an  additional  control  input.  The  program  was  used  to  calculate  derivatives  with 
respect  to  a  (c  2,  C  2,  and  C  2)  which  were  added  to  the  linear  model  as  follows: 

Na  Aa  ma 

CN  =  CN«  +  CNa°  +  CNa2  ^  +  CNS*  +  CNqQ  ~2V 

2  C 

C  =  C  +  C  a  +  C  2  a  +  C  6  +  C  q 

A  A#  Aa  Aa  Afi  Aq  2V 

2  C 

C  =  C  +C  a  +  C  2a  +  C  «  +  C  q  — 

m  m*  ma  ma  ms  mq  2V 

2 

Fig.  6  shows  the  effect  of  the  presence  of  these  non-linear  terms  in  a  .  More  detailed 
results  are  given  in  section  4. 

Parabolic  models  were  only  used  to  analyse  lateral/directional  motion  in  certain 
cases,  such  as  roll  departures  at  high  a.  Here  the  linear  model  ^ras  found  to  average 
the  roll  rate  (p)  signal  exclusively  (see  fig.  14),  and  a  Cl  2  p  tejjm  was  introduced 
in  the  same  manner  as  the  a  terra  in  the  longitudinal  case,Pusing  p  as  a  fictitious 
control  input. 

These  results  fit  the  recorded  traces  more  accurately  than  the  linear  model,  as 
will  be  shown  in  more  detail  in  section  5. 

4.  ANALYSIS  OF  THE  LONGITUDINAL  MODEL  RESULTS 

4.1  General 

The  longitudinal  model  results  presented  in  this  paragraph  were  obtained  by 
analysing  some  manoeuvres  performed  at  three  different  altitudes  (5000,  15000  and 
300Go  ft)  with  a  range  of  Mach  numbers  going  from  -0.3  to  -0.82. 

All  coefficients  refer  to  the  "cruise"  configuration  (i.e.  no  flap  and  slat  deflec¬ 
tions),  without  external  stores. 

In  principle,  it  should  be  possible  to  identify  all  the  aerodynamic  parameters 
relevant  to  the  classical  short  period  approximation,  namely 

C  ,  C  ,  C  ,  C  .0 

L#  La  L  «e  L«s*  Lq 

C,C  ,  C  .  C  .  C  ,  C  . 

mf  ma  m  ie  mis  mq  ma 

In  practice,  however,  this  is  seldom  accomplished  due  to  convergence  problems  of 
the  algorithm  or  because  one  or  more  of  the  parameters  have  negligible  influence 
on  the  aircraft  behaviour  in  the  test  being  considered.  It  is  then  advisable  to 
"lock"  these  coefficients  at  convenient  values  (usually  taken  from  the  aerodynamic 
data  set  based  on  wind  tunnel  data) . 

The  most  important  aerodynamic  derivatives,  i.e.: 

C_  ,  C  ,  C  ,  C  . 

La  ma  mq  mis 

were  always  identified;  the  others  were  identified  whenever  possible  except  for 
C  .  which  was  always  fixed  at  the  predicted  value. 

All  data  are  referred  to  the  25#  ra.a.c.  point;  Mass,  c.g.  position  and  pitch  inertia 
were  always  considered  as  constant  during  a  test  although  fairly  small  variations 
were  actually  observed. 

Engine  thrust  effects  were  not  taken  into  account  because  it  was  found  that  they 
were  virtually  negligible. 


4.2  Comparison  of  experimental  and  predicted  aerodynamic  derivatives 


The  values  of  the  most  important  longitudinal  aerodynamic  derivatives  identified 
from  flight  test  were  compared  with  predicted  data  based  on  wind  tunnel  tests, 
taking  into  account  theoretical  aeroelastic  effects. 


13-6 


Average  values  obtained  using  a  linear  model  were  first  plotted  as  a  function  of 
Mach  number  at  different  altitudes  (figs.  7-10);  an  attempt  was  then  made  to  identify 
the  dependancy  on  a  at  a  fixed  Mach  number  using  a  limited  number  of  tests  analysed 
with  a  parabolic  model  (figs.  11-13). 

4.2.1  Longitudinal  derivatives  versus  Mach  number 
(linear  model  results) 

It  must  be  noted  that  the  curves  presented  here  refer  to  constant  mass  and 
varying  Mach  number,  hence  a  varying  average  angle  of  incidence.  They  are  therefore 
not  representative  of  the  variation  of  aerodynamic  derivatives  with  Mach,  especially 
in  the  low  Mach  number  range: 


h  = 

5000 

ft  0.3  < 

M  <  0.82 

0®  <  a  <  10° 

15000 

ft  0.3  < 

M  <  0.78 

2°  <  a  <  12° 

30000 

ft  0.5  < 

M  <  0.8 

3°  <  a  <  14° 

The 

main  purpose  of  the  diagrams 

shown  in  figures 

7-10 

is  to  compare 

fl ight 

test 

data 

with 

predicted 

1  (wind  tunnel) 

data.  The  test  points 

are 

plotted  together 

with 

their  uncer-v^nty 

( "Cramer-Rao"  ) 

bounds  multiplied 

by 

what 

Iliff  and 

Maine 

cal  1 

a 

"Fudge 

Factor" 

equal  to  five 

.  The  solid  line 

represents 

predi cted 

data 

while 

the  broken  line  represents  a  "weighted  average"  of  flight  test  data  (each  data 
point  has  a  weight  equal  to  the  reciprocal  of  its  Cramer-Rao  bound) . 

The  correlation  with  predicted  derivatives  is  fairly  good,  except  for  C 
and  C  ft t  lower  altitudes  where  the  effect  of  uncertainties  in  the  aeroelastTS 

coefficients  is  greater.  It  is  not  surprising  that  large  errors  and  uncertainties 
in  C  '  orrespond  to  similar  ones  in  C  (see,  for  instance,  the  three  points 

at  30l)8o  ft  and  M  =  0.8)  since  they  are  intimately  connected  in  the  modelling. 

The  C  shift  at  low  Mach  confirms  what  was  already  observed  during  early  flight 

tests  and  was  explained  as  an  error  in  prediction  of  the  downwash  at  zero  lift 


4.2.2  Longitudinal  coefficients  versus  alpha 
(parabolic  model  results) 


The  scope  of  this  part  of  the  analysis  was  to  show  how  much  information  could 
be  obtained  from  a  few  test  points  where  only  average  values  of  the  derivatives 
are  available.  In  fact,  by  analysing  three  S.P.O.  manoeuvres,  characterised  by 
a  narrow  a  range,  as  well  as  three  wide  range  3-2- 1-1  manoeuvres  at  fixed  Mach 
number  (0.5)  and  different  altitudes  (5000,  15000  and  30000  ft),  quite  a  detailed 
representation  of  vs.o  and  Cm  vs.  a  could  be  obtained  from  0°  to  15°. 

This  was  accomplished  by  performing  a  parabolic  spline  fit  of  the  following  functions 


C.  (a), 

M  a 


cu(a)' 


cu<°>- 


C.  2(a) 
La 


such  that  the  resulting  curves  would  optimally  approximate  the  measured  average 
values  in  the  least-squares  sense. 

The  curves  were  then  reconstructed  as: 


CL 

*  cl/»> 

+  c  ( a  )  a 
La 

+  C.  2  (  a ) a 
La 

c 

m 

4  C  ( a  )  a 
ma 

4-  C  2  (  a  )  a* 
ma 

This  is  shown  in  figures  11-13.  If  these  data  are  plotted  as  C  vs.  the  agreement 
with  predicted  data  is  very  good,  especially  in  the  high  ang'Ye  of  incidence  range, 
where  the  contribution  of  C  2  is  most  important.  In  the  low  a  range  the  results 
are  consistent  with  those  obtained  with  the  linear  model  as  presented  in  the  previous 
paragraph. 


5.  ANALYSIS  OF  THE  LATERAL/DIRECTIONAL  MODEL  RESULTS 


5.1  General 


The  analysis  of  lateral /directional  data  is  still  under  way  because  priority 
was  given  to  the  longitudinal  results.  This  was  done  for  two  reasons.  The  first 
was  to  allow  the  stability  margins  of  the  aircraft  to  be  more  closely  monitored 
throughout  the  tests.  The  second,  of  a  more  practical  nature,  was  that  compliance 
with  MIL  specifications  for  the  dynamic  lateral  models,  (which  are  based  on  dutch 
roll  frequencies  and  damping  ratios)  could  be  demonstrated  more  easily  by  using 
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fitting  methods,  maintaining  the  same  quality  of  results  as  by  using  parameter 
identification. 

This  was  possible  because  the  damping  ratio  in  augmented  and  unaugmented  lateral 
modes  never  exceeded  a  value  of  0.707,  below  which  fitting  methods  have  been  shown 
to  be  as  reliable  as  parameter  identification  in  determining  frequency  and  damping 
of  the  system. 

At  this  stage,  therefore,  the  use  of  parameter  identification  is  limited  to  refining 
the  program  for  the  lateral  modes  and  for  verifying  wind  tunnel  estimates  of  aerodynamic 
derivatives  at  particular  points. 

The  following  paragraph  presents  the  results  considered  to  be  of  most  interest, 
namely  the  analysis  of  a  roll  departure  which  occurred  at  low  speeds  in  the  clean 
configuration. 

5.2  Analysis  of  a  lateral  departure 

A  tendency  to  autorotation  (C^  >  0)  at  angles  of  attack  close  to  the  stall 
was  identified  during  rotary  balanc^  wind  tunnel  tests.  In  the  course  of  flight 
tests,  a  roll  departure  occurred  during  a  wind-up  turn  at  low  speed;  it  was  then 
decided  to  analyse  this  manoeuvre  as  a  check  of  the  wind  tunnel  prediction. 

As  a  first  step  a  standard  lateral /directional  model  was  used.  The  results 
obtained  were  unsatisfactory.  After  a  number  of  attempts  in  which  the  program  showed 
no  signs  of  converging,  the  results  of  figure  14  were  obtained  which  show  that 
the  reconstructed  roll  rate  (p)  signal  is  highly  averaged  compared  with  the  recorded 
signal . 

The  aerodynamic  model  was  therefore  changed  by  including  a  term  in  2  and  fixing 
C  at  zero  (see  chapter  3).  P 

Tn§  aim  of  this  modification  was  to  prevent  the  onset  of  a  premature  roll  departure 
of  the  model  due  to  very  small  fluctuations  in  the  p  signal.  While  this  has  the 

effect  of  underestimating  the  driving  moment  (C^ )  in  the  initial  phases  of  the 

departure  it  also  leads  to  an  overestimation  once  the  roll  is  fully  established. 

This  in  turn  means  that  the  lateral  control  derivative  opposing  and  eventually 

checking  the  departure  is  also  overestimated.  This  effect  can  be  seen  in  fig.  15 

which  presents  the  best  results  obtained.  These  are  summarised  in  the  following 
table: 


DERIVATIVE 

EXPECTED  VALUE 

MML.E3  ESTIMATION 

Cye 

-.01660 

-.0407  +  .0272  ; 

1 

C  1  6 

-.00271 

-.0015?  ♦  .0065 

Cne 

+ .0014? 

-.00337  ^  .0047 

C!P 

* .51200 

;  c,  -  0 

Ip 

1  C,  2  -  .000042+ .000001 9  1 

ip  -  ; 

C1 «ai 1 

. . 00 130 

+.011?  ♦  .0046 

c  . 

nispo 

*  .  00036b 

-.000106  +  .000460 

C 

n  firud 

-.001 10 

+.00473  +  .0049  i 

! 

TABLE  2  -  Results  of  parameter  estimation  applied  to  a  roll 
departure 


where  p  Is  in  °/sec 


i  3-8 


lp 


ciP  ♦  ciP2  2<> 


where  p 


2V  57.3 


In  this  case: 


V  =  103.67  m/sec 
b  =  8.874  a 

0  <  p  <  40*/sec 
0  <  P  <  0.03 


C,  =  1.071 
IP  av 


0.0071) 


The  accuracies  of  the  estimated  derivatives  given  in  table  2  show  that  the  motion 
is  almost  exclusively  influenced  by  the  C  and  C  derivatives. 

C,  was  not  identified  because  of  an  unrealistic  interaction  between  the  estimated 

1  d  SDO 

values  of  C,  ,,  and  C, 

Hail  lfispo 

An  attempt  was  made  to  use  the  estimated  values  of  C  2  to  reconstruct  the 
C  curves  obtained  using  the  rotary  balance  within  the  range  or  roll  rat^s  encountered 
in  flight. 

The  results  are  shown  in  fig.  16. 

The  amount  by  which  the  control  derivative  C 
fled  as  follows  (see  fig.  16): 


1  «  ail 


is  overestimated  can  be  quanti- 


/: 


0.03 


1  IDENT. 


dp  =  0.00068 


/ 


p  =  0.03 
max 


1  ROTARY  BAL. 


dp  =  0.00023 


0.00066 


=  2.957  -3.0 


ESTIMATED 


0.0112-0.0046 


L«ail 


=0.0037  +  0.0015 


EFFECTIVE 


This  is  much  closer  to  the  expected  value. 

6.  CONCLUSIONS  AND  FUTURE  DEVELOPMENTS 

The  MMLE3  parameter  identification  code  was  used  during  the  AM-X  flight  test 
program  to  evaluate  aerodynamic  derivatives  over  a  wide  range  of  Mach  numbers, 
altitudes  and  angles  of  incidence. 

The  bulk  of  the  results  presented  refers  to  the  longitudinal  case  and  shows 
good  agreement  with  wind  tunnel  results  in  most  conditions.  In  particular,  the 
use  of  a  parabolic  model  is  shown  to  give  a  good  representation  of  the  aerodynamic 
coefficients  in  the  high  o  region,  even  when  only  a  few  data  points  are  available. 

A  lateral  roll  departure  is  also  analysed  to  demonstrate  the  applicability 
of  the  code  to  manoeuvres  close  to  stall  conditions. 

The  program  is  shown  to  be  robust  enough  to  provide  useable  results  rapidly 
in  almost  any  conditions;  In  addition,  a  lot  of  additional  information  can  be  extracted 
when  the  program  output  is  interpreted  with  deeper  insight  and  creativity. 
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The  ongoing  AM-X  test  program  at  high  angle  of  incidence  will  provide  the 

opportunity  of  fully  exploiting  the  capabilities  of  the  MMLE  code,  using  complete 

six-degree-of-freedom  modelling  to  identify  aerodynamic  parameters  during  extreme 

manoeuvres. 
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FIGURE  2  -  EXAMPLES  OF  ANALYSED  FLIGHT 
TEST  MANOEUVRES  USED  FOR 
PARAMETER  IDENTIFICATION 
ACTIVITY 


FIGURE  1  -  AM-X  DATA  ACQUISITION 
SCHEMATIC  FLOW  DIAGRAM 


FIGURE  3  -  AM-X  SCHEMATIC  LAYOUT 
OF  LONGITUDINAL  AND 
LATERO-DIRECTIONAL 
S.A.S. 


AMX  schematic  Layout  of 
LONGITUDINAL  S  A  S. 
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FIGURE  4  -  COMPARISON  OF  A  MEASURED  AND 
COMPUTED  LONGITUDINAL 
MANOEUVRE  OF  AM-X  BY  USING 
THE  "EQUIVALENT  A/C"  CONCEPT 
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FIGURE  6  -  COMPARISON  OF  A  MEASURED  AND 

COMPUTED  LONGITUDINAL  MANOEUVRE 
Or  AM-X  WHERE  .2  TERMS  ARE 
PRESENT 
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FIGURE  5  -  COMPARISON  OF  A  MEASURED  AND 
_  '  COMPUTED  LONGITUDINAL  MANOEUVRE 

OF  AM-X  WHERE  THE  NEED  OF  a2 
TERMS  IS  APPARENT 
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Identification  of  CL/a*  vs  a  from  flight  test 


Identification  of  Cm/ a*  v*  a  from  flight  test 


AU-X  aircraft  -  Clean  configuration  -  Cruise 
Parabolic  Uouel 


AM-X  aircraft  —  Clean  configuration  -  Cruise 
Parabolic  Model 
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FIGURE  16  -  ROLLING  MOMENT 
RECONSTRUCTION 
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en  Vol  afin  de  proposer  des  solutions  visant  A  minimiser  les  couts  globaux  et  les  delais  des  essais  en  vol 
lies  k  la  raise  au  point  des  systemes  d'armes  aeronaut iques  forteraent  integreB. 


1.  DKFIWITIOH  D'UH  SYSTKMK  INTKCRK  S UR  AVION  DK  COMBAT 

Pour  un  avion  d'armes,  un  systeme  integre  est  l'ensemble  des  equipements  dialoguant  par  l'interme- 
dlaire  d'un  ou  de  plusieurs  bus  numeriques  ge.es  par  un  ou  plusieurs  calculateurs  et  dont  l'objectif  est  de 
satisfaire  un  ensemble  de  fonctions  operat ionnelles  permettant  de  repondre  aux  besoins  des  utilisaLeurs  expri 
mes  dans  des  specifications  operat ionne 1 les  ou  dans  une  fiche  programme. 

L'ensemble  de  ces  equipements  n'est  pas  limite  et  crott  regul ierement  au  fil  des  annees  propor- 
tionnellement  aux  exigences  des  utilisateurs  en  terme  de  fonctions  operat ionne 1 les .  La  complexity  qui  en 
resulte  se  traduit  par  des  augmentations  spectaculaires  des  couts  d 'etude,  de  deve loppement  et  d'essais  en 
vol . 


Aujourd'hui  la  notion  de  systeme  n'est  plus  limite*  aux  equipements  du  systeme  d'armes  proprement 
dit,  mais  bien  4  la  quasi  totalled  des  dquipements  de  L 'avion  comme  les  commandes  de  vol,  le  systeme  propul- 
sif,  les  Interfaces  homines -machine  mais  aussi  a  l'ensemble  des  moyens  operationnels  permettant  de  realiser 
et  d'explolter  la  mission. 

La  planche  1  montre  un  exemple  de  systeme  d'armes  fortement  integre,  de  structure  classique  com- 
portant  des  capteurs,  des  armes,  des  moyens  de  communication  et  d’ identification,  les  commandes  de  vol  et 
le  moteur,  1' interface  homme-machine ,  un  ensemble  de  gestion  et  de  calcul  qui  peut  etre  redondant  pt rmettant 
de  securiser  certaines  fonctions  critiques,  etc... 

< 


2.  ANALYSE  PBS  ESSAIS  D' INTEGRATION  DBS  SYSTKMES  KMBARQPES 

2.1  -  Analyse  de  Involution  des  ayatemea 

Ce  paragraphe  a  pour  but  d'examiner  l 'evolution  de  la  complexlte  des  systemes  d'armes  des  avions 
de  combat  en  s'appuyant  Bur  1' exemple  des  prlnclpaux  programmes  franqais  des  quinze  dernleres  annees. 

Un  critere  possible  pour  evaluer  la  complexlte  d'un  systeme  est  celui  consistant  k  denombrer  le 
nombre  d 1 equipements  utilises,  alnsi  que  le  nombre  de  fonctions  operat ionne 1 les  reallsees  par  ce  systeme 
(on  entend  par  fonctlon  operationnelle  une  fonction  correspondent  &  I'expression  d'un  besoin  operationnel 
precis;  exemple  de  F0  i  conduite  de  tir  d'un  missile  donne).  D'autres  criteres  pourraient  bien  sur  etre 
retenus,  comme  les  volumes  d'echanges  de  donneea  et  les  charges  des  calculateurs  mais  il  nous  a  semble  plus 
realiste  de  retenir  le  premier  critere  car  il  correspond  mieux  k  1 'evaluation  de  la  charge  d 'essais  en  vol 
qu'll  sera  necessaire  de  realiser. 

L'examen  de  la  planche  2  fait  apparattre  Involution  dans  le  temps  du  nombre  d 'equipements  k 
essayer  en  vol  ainsi  que  du  nombre  de  fonctions  operationnelles .  On  peut  constater  que  e'est  au  niveau  des 
fonctions  operationnelles  que  1 'evolution  est  la  plus  importante. 

La  planche  3  cherche  k  representer  1 'evolution  des  couts  rapportes  k  l'heure  de  vol  pour  un  pro¬ 
gramme  de  developpement  d'un  avion  de  combat  recent.  L'examen  de  cette  planche  montre  que  le  cout  de  l’heure 
de  vol  d'un  prototype  est  9ans  commune  raesure  avec  le  coOt  equivalent  pour  un  avion  de  servitude  d’un  type 
d'usage  courant  dans  les  forces  ou  dans  l'aviation  generate. 

2.2  -  Analyse  de  la  m^thodo logic  utilise  pr4c^Je»ent 

Les  moyens  ayriena  utilises  en  France  pour  les  essais  en  vol  des  programmes  d 'avions  de  combat 
sont  typiquement  de  deux  sortes  i  d'une  part  les  avions  prototypes  et  d'autie  part  les  avions  de  servitude. 

En  se  referant  aux  programmes  precedents,  ce  paragraphe  a  pour  but  de  faire  la  critique  objective 
de  1 'utilisation  de  ces  differents  moyens. 

En  ce  qui  concerne  les  avions  prototypes,  on  peut  constater  que  si  ces  avions  en  debut  de  pro¬ 
gramme  sont  bien  utilises  k  la  raise  au  point  de  la  plate-forrae  elle-meme  ainsi  qu'i  1 ’ optimisation  de  1 ' in¬ 
terface  homme-machine,  lls  sont  trop  souvent  utilises  comme  banc  d'essais  des  equipements,  alors  que  ces 
derniers  n'en  sont  qu'i  une  phase  de  raise  au  point.  Cette  utilisation  des  avions  prototypes  doit  etre  recon- 
sideree  dans  le  cadre  des  programmes  futurs  car  les  couts  lnduits  sont  prohibitifs  et  peuvent  etre  reduits 
de  faqon  significative  par  1 ' ut il Lsat ion  d'autres  moyens.  En  consequence,  ces  moyens  tres  couteux  doivent 
etre  reserves  b  la  mise  au  point  de  la  plate-forme  et  k  la  validation  finale  des  fonctions  opera t ionnel les , 
comme  par  exemple  les  conduites  de  tlr  d ' arraementa . 


iv: 

Parallelement ,  1 ' experience  passee  montre  que  i ’ uti l isat ion  ct  la  definition  des  avions  dc  ser¬ 
vitude  n'etalent  paa  optimales.  En  effet,  d'une  faqon  generate,  la  conception  de  ce»  avions  etai’  telle 
qu'elle  favorisait  la  mise  au  point  de  1 ' equipement  lui-meme,  raais  n’abordait  que  de  fa^on  incomplete  la  mise 
au  point  des  echanges  que  cet  equipement  devait  assurer  au  sein  de  l' ensemble  du  systeme.  La ns  le  cas  du 
programme  MIRAGE  2000,  une  experience  a  ete  me  nee  qui  a  consists  a  utilizer  des  avions  de  set . itude 
(MYSTERE  XX  FALCON)  dont  l ' architecture  etait  le  reflet  de  celle  de  I'avion  final  (aux  armements  pres). 
L'utilisat  ion  de  ces  avions  dotes  d'equipenv  -s  prototypes  a  ete  benefique  pour  la  mise  au  point  d-.-s  func¬ 
tions  raais  a  pose  des  problemes  de  disponibilite  d 'equipements  au  debut  du  programme. 

En  ce  qui  concerne  les  moyens  sol,  trois  types  de  moycns  one  etc  utilises  par  les  Centre  d'essais 
en  vol  lors  des  programmes  precedents  : 

-  les  moyens  de  simulations  pilotees.  Ces  moyens  ont  ete  plus  spec ialement  utilises  pour  preciser  lei  carac- 
teristlques  des  interfaces  homines -ms  chine. 

-  les  bancs  d  'equipments  dont  les  fonctions  etaient  limitees  a  la  mise  au  point  du  minimum  d'echanges  dont 
avait  besoin  l 'equipement  sur  avion  de  servitude. 

-  les  bancs  d '  in‘:egrat ion  globale  dont  le  rol  :  etait  de  valider  l' ensemble  des  echanges  du  systeme  d'armes 
avant  de  le  valider  et  de  I'evaluer  en  vol.  Ces  bancs  etaient  egaleraent  stiraulables  pir  des  enregistre- 
ments  effectues  en  vol. 

3.  KHSB1GMKMKHTS  PES  ESSAIS  P* INTBCRATIO 

Ce  paragraphe  a  pour  objectif  d'essayer  de  tirer  les  leqons  de  l’experience  des  essais  d  inte¬ 
gration  des  programmes  precedents,  afin  de  proposer  dans  le  cadre  de  nouveaux  prograrimes,  une  methodologie 
qui  vise  &  minimiser  Les  essais  d ' Integrat ion  sur  avions  prototypes,  au  profit  d'essais  au  sol  et  sur  avions 
de  servitude. 

Le  premier  objectif  pour  les  services  charges  des  essais,  est  a  partir  des  specifications  ini- 
tiales  et  par  un  travail  d'analyse  fonctionnelle  de  traduire  le  besoin  operationnel  en  fonctions  que  Hf-lt 
remplir  le  systeme.  Les  moyens  de  s irau lat ions  pilotes  doivent  etre  utilises  de  faqon  intensive  pour  ce 
travail  et  leur  emploi  ne  doit  pas  etre  limite  a  la  seule  mise  au  point  de  1' interface  homme-machine . 

Le  second  objectif  est  de  reconsiderer  la  methoJe  de  mise  au  point  des  principaux  equipements 
du  systeme  d'armes  comnie  le  radar,  les  cont re-mesures ,  l 1 optronique ,  etc...  En  effet  il  conviendra  de  se 
donner  tous  les  moyens  o'essais  au  sol  et  en  vol  qui  evlteront  d'accumuler  les  vols  longs  et  couteux  sur 
avions  prototypes.  Parmi  ces  moyens  on  peut  citer  t 

*  Tres  en  amont  de  I'essai  de  I'equipement  lui-meme,  le  principe  de  la  stimulation  d ' un  modele  infor- 
matique  de  I'equipement  realise  k  partir  d ' enregis trements  effectues  en  vol  est  d'ores  et  deja  un  moyen 
qui  a  fait  ses  preuves  dans  des  etudes  preparatoires  (radar  par  exemple). 

-  Lorsque  les  premiers  equipements  prototypes  sont  disponibles,  un  moyen  tres  puissant  de  mise  au 
point  des  fonctions  et  des  traitements  internes  a  I'equipement  est  la  stimulation  du  materiel  lui-meme, 
realiSee  Ik  aussi  k  partir  d 1 enregistrements  effectues  en  vol  sur  avions  de  servitude. 

Ces  principes  de  stimulation  necessiteront  des  systemes  d ’ enregi strements  tres  perforraants  a 
bord  des  avions  de  servitude.  Ce  point  sera  evoque  plus  loin. 

-  L' experience  des  programmes  precedents  a  mis  en  evidence  un  autre  probleme  ei.  ce  qui  concerne  !«*• 
grands  equipements,  qui  est  qu'll  existait  un  d4couplage  trop  important  entre  la  mise  au  point  et  1' inte¬ 
gration  de  cet  equipement  au  systeme  d’armes.  Ce  point  tres  important  se  traduisalt  par  le  fait  que  lorsque 
le  materiel  etait  livre  par  1 ' equ iperaent ier  k  I'avionneur  charge  de  1 1 integrat ion,  bien  souvent  la  mise  au 
point  des  echanges  que  devait  assurer  cet  equipement  au  sein  du  systeme  avait  ete  negligee  au  profit  de  la 
raise  au  point  du  f one t ionneraent  interne  du  materiel.  Afin  de  remedier  &  ce  probleme,  la  realisation  par  les 
equ ipement iers  de  moyens  de  simulation  d 1 envi ronneroent ,  conformes  k  une  definition  approuvee  par  l'avion- 
neur  charge  de  1 ' Integrat i on  est  certalnement  une  solution  pour  les  programmes  &  venir. 

-  Le  dernier  point  en  ce  qui  concerne  les  equipements  est  la  methodologie  k  retenir  pour  effectuer  la 
raise  au  point  sur  avion  de  servitude.  Les  essais  en  vol  devront  etre  menes  de  telle  faqon  que  le  soucis 
permanent  des  responsables  d'essais  soit  de  proceder  k  la  raise  au  point  de9  echanges  en  plus  de  La  mise  au 
point  du  fonct ionneraent  interne  du  materiel.  Ce  soucis  aura  bien  sur  des  implications  importantes  en  ce  qui 
concerne  la  definition  des  avions  de  Servitude. 

Enfin  le  troisieme  objectif  q’.'il  conviendra  de  se  fixer  se  rapporte  a  La  mise  au  point  initiale 
des  fonctions  operat ionne 1 les  sur  les  avions  de  servitude.  En  effet  I'experience  prouve  que  plus  de  50  %  des 
vols  effectues  sur  les  prototypes  et  les  avions  affectes  au  deve loppement  oncernent  la  mise  au  point  de  ces 
fonctions.  Coiapte  tenu  du  cout  de  mise  en  oeuvre  de  ceg  avions,  il  est  indispensable  dc  prevoir  pour  l'ave- 
nir  d»  faire  le  maximum  d'essais  sur  des  moyens  aeriens  moins  couteux. 

4.  HPTENS  A  ffiTTHE  EH  OEPVRK  ( EXEMPLE  DU  PROGRAMME  ACT  RAFALE) 

Ce  paragraphe  se  propose  d 'examiner  les  differents  moyens  qui  perme t t ra ient  dt  se  conformer  a  la 
methodologie  decrite  precedetmnent .  Cette  presentation  des  moyens  d'essais  s'appuie  en  partie  sur  un  ensemble 
de  reflexions  menees  dans  les  services  d'essais  en  vol  franqais  dans  le  cadre  du  prog:amme  d’avion  de 
combat  RAFALE  D. 
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4.1  -  Moyens  sol 


Un  des  premiers  travaux  des  equipes 
initiale8  de  1 ' ut i  1  isateur ,  de  preciser  grace 
Un  dcs  outils  le  plus  rentable  pour  effectuer 


chargees  des  essais  en  vol  va  etre,  au  vu  des  specifications 
a  un  travail  d'analyse  fonc t ionne 1 le ,  le  Desoin  opera t tonne  1 . 
ce  travail  est  sans  nul  doute  la  simulation  pilotee. 


En  France,  la  tendance  est  de  faire  coexister  deux  types  d-i  moyens  de  simulations  pilotees,  h 
savoir  :  des  moyens  dits  "legers"  d'aide  a  la  specification  et  par  opposition  des  moyens  dits  "lourds" 
plutot  dedies  aux  tra'  aux  devaluation. 


Pour  des  moyens  legers  l'envir  nnement  du  pilote  est  liraite  aux  visualisations  et  au-  coramandes. 

Ces  moyens  tres  utiles  doivent  etre  mis  en  place  chez  lea  industriels  qu'il  s'agisse  de  l'avionneur  ou  des 
equipement iers .  Ces  moyens  perm^ttront  aux  industriels  d’afflner  la  definition  de  leur  materiel  en  presen- 
tant  a  l'avionneur  airsi  qu'aux  utilisateurs  les  concepts  qu'ils  proposent.  Une  autre  utilisation  de  ces 
moyens  sera  de  mettre  ai  point  les  modules  informat iques  correspondant  a  la  mode  1 i sat ion  des  differents 
equlpements  qui  seront  ntegres  ulter ieurement  dans  les  moyens  "lourds”.  Ce  point  necessitera  d’ assurer  la 
compatibility  informatique  des  differents  moyens  afin  de  pouvoir  effectuer  les  transferts  des  modeles  entre 
ces  moyens . 

Les  fonctionnalites  d'un  moyen  dit  "lourd”  seront  les  suivantes  : 

-  II  doit  assurer  au  pilote  un  environnement  lus  representatif . 

-  II  doit  etre  conqu  de  fa^on  a  pouvoir  inte^rer  les  differents  modeles  en  provenance  des  moyens  "legers”. 

-  II  Jolt  permettre  d 'exploiter  au  mieux  les  essais  qui  s'y  deroule  grace  a  un  ensemble  de  moyens  analogues 
k  ceux  utilises  pour  les  vols. 

-  II  doit  eventual lement  pouvoir  etre  couple  aux  bancs  sol  afin  de  pouve * r  stimuler  de  fa$on  coherente  les 
coraposantes  du  systeme. 

En  ce  qui  concerne  les  capteurs  corame  le  radar,  1 'optronique ,  etc...  et  en  amont  de  la  realisation 
des  equipements  eux-meraes,  un  moyen  tres  puiosant  de  mise  au  point  des  traitements  internes  est  la  stimula¬ 
tion  de  modeles  informat iques .  Cette  methode  necessite  bien  sur  de  disposer  d 1 enregis trements  en  vol.  Cette 
exigence  impose  de  se  doter  de  bases  de  donnees  obtenues  en  vol  &  l'aide  de  maquettce  de  capteurs  developpees 
suf f isarament  tot  pour  ce  besoin.  Cette  exigence  impose  egalement  de  disposer  de  moyens  d 'enregistrements  a 
bord,  autorisant  des  debits  tres  importants  pouvant  atteindre  plusieurs  dizaines  de  Megabits  par  aeconde. 

Les  autres  moyens  sur  lesquela  il  convient  de  faire  des  efforts  importants  sont  les  bancs  au  sol. 
Ces  moyens  concernent  un  grand  nombre  des  equlpements  constituant  le  systeme,  ainsl  que  1 'ensemble  du  sys¬ 
teme  lui-meme.  En  ce  qui  concerne  les  equipements,  et  plus  particulierement  les  capteurs,  les  bancs  de  mise 
au  point  au  sol  devront  repondre  a  un  certain  nombre  de  criteres  selon  une  architecture  qui  pourrait  s'ins- 
pirer  de  celle  qui  est  presentee  sur  la  planche  4.  Leurs  principales  caracteristiques  seronc  : 

-  Possibility  d'etre  stimulable,  e'est-i-dire  possibility  de  pouvoir  injecter  le  plus  en  amont  possible  les 
donnees  enregistrees  a  bord,  afin  de  pouvoir  repeter  autant  que  necessaire  les  passes  realisees  en  vol  et 
optimiser  par  consequent  les  traitements  internes  k  1 'equipement. 

-  Architecture  permettant  de  simuler  1 ' environnement  avec  lequel  l'equipemnt  devra  dialoguer,  afin  de  vali- 
der  avant  les  phases  d '  integrat ion  les  echanges  que  cet  equipement  devra  assurer. 

En  ce  qui  concerne  les  bancs  globaux  dits  d 1  integration,  leur  architecture  devra,  en  s' inspirant 
ae  celle  des  moyens  existants,  inclure  en  plus  des  capacites  de  simulations,  afin  de  pouvoir  explorer  les 
Hifferen*  configurations  qu'il  est  possible  de  rencontrer  en  vol.  II  sera  sans  doute  souhaitable  de  prevoir 
egalement  le  couplage  de  ces  moyens  k  -eux  presentes  precedemment . 

Pour  en  rester  dans  le  domaine  des  moyens  sol,  il  est  indispensable  de  parler  ici  des  moyens 
d ' exploitat ion  des  essais  en  vol.  Deux  grandes  families  de  moyens  sont  envisagees  selon  que  1 ' on  s 'attache 
k  suivre  et  &  exploiter  les  essais  en  temps  reel  ou  k  exploiter  en  temps  differe. 

Dans  le  premier  cas ,  qui  correspond  surtout  aux  essais  d 'evaluation  et  d 1 integrat ion  sur  avions 
prototypes,  les  moyens  de  traitement  en  temps  reel  sont  bien  identifies  et  existent  aujourd’hui.  Ils  font 
appel  k  des  moyens  de  transmission  par  telemesure  et  a  de  puissants  calculateurs  temps  red. 

En  ce  qui  concerne  les  exploitations  en  temps  differe,  correspondant  plustot  aux  essais  de  mise 
au  point  d ' equipements  ou  de  partie  de  systeme  sur  avions  de  servitude,  les  moyens  d ' exploitat ion  devront 
repondre  k  un  certain  nombre  de  criteres. 

Ces  criteres  sont  les  suivants  : 

-  Capacite  de  realiser  dans  des  delais  brefs  des  fichiers  de  donner s  fusionnees,  k  partir  de  donnees  issues 
de  plusieurs  moyens  ae  mesure  selon  des  formats  differents,  comne  par  exemple  les  differents  messages 
enregistres  k  bord  du  ou  des  avions  participant  k  I'essai,  ainsi  que  les  messages  issus  des  moyens  de 
trajectographie ,  etc... 

-  Possibility  de  fournir  tres  rapidement  k  l'ingenieur  d'essais  un  historique  du  vol,  afin  de  lui  permettre 
de  porter  un  jugement  qualitatif  sur  la  realisation  de  i'essai  et  de  programmer  les  vols  suivants. 

-  Possibility  pour  tous  les  intervenants  d'avoir  acces  dans  les  meilleurs  delais  aux  fichiers  d.  donnees  qui 
les  concernent  en  en  garantissant  la  confidentiality. 

Le  Centre  d'Essals  en  Vol,  s'est  mis  en  mesure  de  satisfaire  ces  objectifs  sur  ses  differentes 
bases,  en  faisant  appel  a  un  systeme  decentralise  par  reseau  et  qui  devrait  etre  operationnel  en  1989 
(projet  MATISSE).  Ce  projet  eat  preaente  sur  la  planche  5. 
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Enfin  pour  en  terminer  avec  les  moyens  d'essais  au  sol,  il  convient  de  ne  pas  oubller  un  certain 
nombre  de  moyens  importants,  indispensables  a  la  mise  au  point  dea  differentes  composantes  du  systeme  d'annes. 
Sans  vouloir  etre  exhaustif  on  peut  citer  les  moyens  Buivants  qui  dans  le  cadre  du  programme  ACT  RAFALE  D  sont 
en  developpement  : 

-  Les  moyens  de  trajectographie  multicibles  couples  aux  systemes  de  suivi  des  essais  en  temps  reel. 

-  Les  moyens  de  mesure  des  signatures  electromagnetiques  et  infra-rouge  des  avlons  en  vol. 

-  Les  moyens  de  mise  au  point  des  contre-mesures . 

-  Les  moyens  d 'etude  du  comportement  physiologique  du  pilote  lorsqu'il  est  soumis  aux  accelerations 
brutales . 


4.2  -  Moyens  aeriena 

Ce  paragraphe  a  pour  but  de  parler  des  moyens  aeriens  et  plus  particulierement  de  1 1  architecture 
de  1 ' installation  d'essais  dont  ils  pourraient  disposer  afin  d'ameliorer  leur  productivity ,  cecl  dans  le 
cadre  des  reflexions  exprimees  precedemment . 

Dans  le  cadre  du  programme  ACT  RAFALE  D,  le  Centre  d'Essais  en  Vol  en  accord  avec  les  Services 
Techniques  Officiels  et  les  Industrials  concernes  a  propose  d'utiliser  un  certain  nombre  d'avions  de  servi¬ 
tude  du  type  MYSTERE  XX  FALCON  et  des  MIRAGE  2000.  Dans  le  soucis  de  reduire  les  couts  et  de  respecter  les 
delais,  il  a  semble  indispensable  de  repenser  completement  la  philosophie  d 1 ut ilisat ion  et  l ' archi tecture 

des  avions  de  servitude,  par  rapport  &  ce  qui  se  faisait  pour  les  programmes  anterieurs. 

En  effet,  compte  tenu  du  nombre  limite  d'avions  prototypes  et  de  leurs  couts  d 1 exploitat ion ,  la 
methodologie  proposee  consiste  h  effectuer  sur  les  avlons  de  servitude,  en  plus  des  essais  de  mise  au  point 
des  equipements,  des  essais  de  mise  au  point  d'elements  critiques  de  fonctions  operationnelles.  Pour  attein- 
dre  ces  objectifs,  1 ' architecture  de  1 1 instal lat ion  d'essais  de  ces  avions,  dont  le  principe  est  presente  sur 
la  planche  6,  repond  aux  caracteristiques  suivantes  (cas  des  MYSTERE  XX  FALCON  par  exemple)  t 

-  En  debut  de  programme,  le  systeme  avionique  de  servitude  fait  appel  a  des  equipements  de  base  eprouves, 

d'une  bonne  fiabilite  et  d'une  bonne  disponibilite  (au  standard  MIRAGE  2000  par  exemple)  car  il  est  bien  con- 
nu  que  pendant  les  phases  de  developpement  les  equipements  prototypes  sont  rares  et  chers. 

-  L'equipement  en  essais  est  couple  a  ces  equipements  par  son  propre  systeme  de  dialogue  (1553  B,  DIGIBUS, 
STANAG  3910,  etc...)  et  dans  le  cas  ou  le  dialogue  ne  se  fait  pas  selon  le  meme  standard,  un  calculateur 
spec  if ique  assure  une  fonction  de  "passerelle1'  entre  les  deux  systemes.  Plus  tard,  au  cours  du  developpe¬ 
ment  lorsque  les  equipements  prototypes  sont  qualifies,  ils  peuvent  remplacer  leurs  homologues. 

-  Pour  les  meme 8  raisons  et  afin  de  ne  pas  s'imposer  la  presence  physique  de  tous  les  equipements  ou 
armements  participant  a  une  fonction  ou  une  sous-fonction  etudiee,  un  calculateur  particuller  assure  la 
fonction  de  simulations  de  ces  equipements. 

-  L' installation  de  mesure  est  dimensionnee  pour  satisfaire  les  besoins  des  equipementiers  et  de  I'avionneur, 
en  particulier  en  ce  qui  concerne  les  enreglstrements  des  donnees  a  grand  debit,  ainsi  que  pour  assurer 

en  temps  reel  le  suivi  de  l'essai  h  bord  par  l'ingenieur  d'essais. 

-  L'avion  est  amenage  de  telle  faqon  que  la  place  du  co-pilote  de  droite  puisse  recevoir  l 'ensemble  des 
equipements  de  dialogue  homme -machine .  Cette  caracteristique  permet  tres  en  amont  de  faire  participer  les 
pi lotes  aux  travaux  de  mise  au  point,  ceci  en  coordination  avec  les  travaux  effectues  sur  simulateurs. 

Pour  les  avlons  prototypes,  la  regie  sera  d'essayer  de  minimiser  les  essais  d ' integrat ion ,  c'eat- 
£-dire  les  essais  de  mise  au  point  de  fonctions  operationnelles.  Ces  avions  devront  etre  reserves  aux 
essais  qui  ne  peuvent  pas  etre  menes  sur  d'autres  moyens  comme  par  exemple  les  validations  finales  :  des 
conduites  de  tir,  des  fonctions  de  navigations,  d'efficacite  des  contre-mesures,  etc.,  et  les  evaluations 
de  1 'ensemble  du  systeme  d'armes. 

5.  CONCLUSION 

En  concision,  ce  document  a  pour  but  de  convaincre  de  1' imperative  necessite  de  repenser  les 
oethodes  d'essais  en  vol  des  systemes  d'armes  fortement  integres,  afin  de  reduire  les  couts  correspondants 
qui  prennent  de  plus  en  plus  d' importance  dans  le  financement  total  d'un  programme. 

Les  methodes  pr-  .  .-*•«»  h  l'heure  actuelle  en  France,  pour  les  essais  en  vol  des  systemes  des 
avions  de  combat,  comme  e  ;ratrane  RAFALE,  s'inspirent  de  celles  qui  ont  ete  presentees,  en  particulier 
en  ce  qui  concerne  le1  j  sol  et  la  philosophie  d 'utilisation  des  avions  de  servitude. 
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FLIGHT  TESTING  OF  THE  TORNADO  TERRAIN  FOLLOWING  SYSTEM 

Thomas  Fleck 
Flight  Test 

Messerschmitt-Bfilkow-Blohm  GmbH 
Military  Aircraft  Division 
P.O.  Box  801160 

D-8000  Munchen  80,  West  Germany 


SUMMARY 

This  paper  reviews  the  flight  test  activities  on  the  assessment  of  the  Tornado  Terrain  Following  System. 

Extensive  hardware  and  pilot  in  the  loop  simulation,  a  stepwise  approach  to  the  lowest  height  and 
proceeding  from  VMC  to  IMC  kept  the  risk  at  a  minimum  level. 

For  a  demonstration  of  system  performance  a  method  of  comparing  simulation  had  been  applied  that  considers  avionic 
parameters,  aerodynamic  parameters  and  flight  control  data. 

Special  emphasis  was  placed  on  system  integrity  and  flight  safety, including  human  factors  of  the  aircrew. 

Today,  after  having  absolved  more  than  200  successful  testflights  and  rectified  a  considerable  number  of  problems,  the 
system  is  adopted  by  the  services  and  is  a  substantial  part  of  the  low  level  missions. 


INTRODUCTION: 


The  Tornado  aircraft,  a  trinational  development,  is  a  fighterbomber  with  variable  wing  geometry.  It' s  development 
was  the  answer  on  the  military  requirements  in  the  late  '60's'  and  early  '70's'. 

One  of  these  requirements  was  lowest  penetration  and  attack  height  at  high  speeds  in  all  weather,  day  and  night  and 
over  all  types  of  European  terrain. 

The  only  way  to  satisfy  this  demand  was  the  implementation  of  an  automatic  Terrain  Following  System. 

The  demonstration  of  system  performance  and  integrity  required  the  development  of  evaluation  methods  that  especially 
considered  the  dynamic  nature  of  the  terrain  following  mode. 

This  paper  gives  an  overview  of  the  flight  test  activities  on  this  subject  and  adresses  the  selected  methods  used  to 
determine  the  system  performance. 


SYSTEM  DESCRIPTION: 


Terrain  Following  is  one  of  the  AFDS-modes  to  be  selected  at  the  AFDS-control  panel. 

The  control  loop  consists  of  the  TF-radar,  the  radar  processor,  the  Autopilot  and  Flight  Director  Computer  and  the 
Command  and  Stability  Augmentation  System  (CSAS). 

The  TF-radar  scans  the  terrain  ahead  in  elevation  and  azimuth. 

The  TF  processor  calculates  cfimb/dive  commands  that  are  linked  to  the  AFDS  in  form  of  vertical  acceleration  demands. 
Commands  are  derived  from  a  zero  command  line  shaped  like  a  ski  toe  depending  upon  the  following  factors: 

*  selected  clearance  height 

*  aircraft  speed 

*  selected  ride  mode 

In  manual  mode  the  commands  are  displayed  on  the  Head  Up  Display  (ADI  as  a  backup)  to  be  followed  by  the  pilot 
manually,  or  in  automatic  mode  the  AFDS  processes  rate  demands  to  the  CSAS.  (Fig.  1 ) 

Additional  sensors  providing  information  for  flight  path  computation  are: 

*  Radar  Altimeter 

*  Inertial  Navigation  System  (IN) 

*  Secondary  Attitude  and  Heading  Reference  System  (SAHRS) 

*  Doppler 

*  Main  Computer 


The  basic  principle  of  the  command  generation  is  the  comparison  of  target  returns  with  the  zero  command  line.  Targets 
penetrating  the  skie  toe  will  cause  a  climb  command,  obstacles  below  will  result  in  a  push  over. 


AUTOPILOT  AND  FLIGHT  DIRECTOR  SYSTEM 

The  AFDS  consists  of  two  digital  computers  that  are  identical  in  software  and  both  computing  the  control  laws  and 
the  mode  switching  and  failure  logic. 

The  hardware  is  slightly  different  depending  on  the  distinct  application  of  each  computer,  hence  they  are  not 
interchangeable. 

Computer  No.  1  converts  the  output  pitch  and  roll  rate  demands  to  analogue  signals.  The  output  hardware  is  triplex  and 
linked  to  the  CSAS.  (Fig.  2) 

Monitoring  of  the  AFDS  output  forms  part  of  the  CSAS. 

Computer  No.  2  drives  the  Flight  Director.  Both  Computers  monitor  each  other  by  permanent  comparison  of  the  demand 
computation  path. 

A  difference  exceeding  a  certain  threshold  causes  the  autopilot  to  disconnet. 

Part  of  the  control  laws  are  variable  g-limits,  rate  limits  and  bank  anlge  limits,  depending  on  speed,  wingsweep  and 
altitude. 

An  emergency  fly  up  is  desinged  for  safe  recovery  in  TF-mode,  when  the  autopilot  is  cut  off  by  the  failure  logic. 


DISPLAYS: 


Monitoring  of  the  control  loop  is  essential  for  pilots  confidence  in  the  system,  particularly  in  IMC. 

Therefore  a  socailed  e-scope  provides  a  display  of  radar  returns  over  the  skie  toe  relative  to  the  range  ahead  measured 
in  miles.  (Fig.  3) 

An  additional  Clearance  Range  Ahead  Monitor  (CRAM)  line  above  the  zero  command  represents  the  locus  of  a  constant  g 
pull  up  to  clear  obstacles  at  set  clearance  height. 

The  CRAM  computation  is  independent  from  the  command  generation  and  forms  part  of  the  TF  failure  logic. 

Once  the  CRAM  line  is  penetrated  by  a  target,  the  TF  system  transmits  a  fail  event  to  the  autopilot  which  then  reacts  with 
an  emergency  fly  up. 

Mapping  radar  videos  can  be  displayed  in  the  repeater  mode. 

It  must  be  stressed,  that  e-scope  videos  are  only  used  as  a  monitor. 

Flying  by  interpretation  of  the  video  will  essentially  degrade  the  TF-performance. 


INTEGRITY: 


Due  to  the  extreme  requirements  in  terms  of  flight  safety  for  low  level  flying,  the  system  was  designed  to  be  fail 
safe.  Any  system  failure  that  could  have  an  influence  on  the  flight  path  will  result  in  a  fly  up,  either  closed  loop  or  open 
loop,  depending  on  the  type  of  failure. 

Redundance  is  guaranteed  by  duplex  autopilot  and  triplex  CSAS.  The  TF  command  path  is  extensively  monitored  by 
independent  sensors,  providing  warnings  if  absolute  limits  are  exceeded  (low  height,  unobeyed  command,  excessive  turn 
rates  and  bank  angle).  (Fig.  4) 


PHILOSOPHY  OF  TESTING 


Testing  of  such  a  highly  integrated  system  with  outstanding  impact  on  flight  safety  required  a  very  careful 
approach  and  the  development  of  test  methods  that  could  cope  with  the  various  aspects  of  safety  and  performance. 


Thus,  the  Tornado  TF/AFDS  flight  test  program  was  separated  into  four  main  items: 

*  System  integration 

*  Performance  testing 

*  Failure  testing 
‘  Simulation 

In  1973  the  TF  system  was  installed  in  two  Buccaneer  aircraft  at  British  Aerospace,  to  allow  realistic  testing  at  a 
prototype  stage. 

Main  tasks  of  the  trials  were: 

Integration  of  TF-radar,  Main  Computer  and  Sensors 

Assisting  the  development  with  flight  test  results  at  an  early  stage  prior  to  Tornado  flight  tests. 

*  A  first  assessment  of  the  AFDS  control  loop  by  Flight  Director  verification. 

Later  on  these  trials  were  still  supporting  Tornado  flight  tests. 

When  Tornado  flight  test  began,  the  TF-system  was  already  developed  to  a  status,  at  which  all  basic  functions  had 
proven  to  be  adequate.  The  Tornado  TF-triais  started  in  1976.  This  was  the  first  time,  the  system  was  flown  fully 
automatic. 

A  special  flight  test  program  was  devoted  to  TF/AFDS  system  integration.  Until  1978  test  results  were  used  to  assist 
further  development  and  rectification  of  system  shortcomings.  Then,  since  1978,  tests  ooncentrated  on  performance 
assessment,  first  with  pre-series  and  later  on  with  production  equipment. 

1 50  flights  were  allocated  to  demonstrate  adequate  performance  and  operational  effectiveness  in: 

*  Manual  TF 

*  Automatic  TF 

*  TF  in  combination  with  lateral  AFDS  modes  (Heading  and  Track  acquisition)  and  Auto  Throttle. 


FLIGHT  TEST  FACILITIES 


The  Tornado  testaircraft  are  equipped  with  a  PCM  recording  system,  covering  both,  analogue  and  digital 
parameters.  Sample  rates  were  up  to  32  sps  in  the  beginning  of  flight  test. 

Problems  occured,  when  the  evaluation  required  a  high  resulution  to  assess  TF  and  AFDS  processor  data. 

Methods  had  to  be  developed  that  provided  essentially  higher  sample  rates.  This  was  achieved  by  the  direct  recording  of 
the  data  transmission  lines  (DTL)  on  separate  tracks  of  the  recorder  tape.  At  present  sampling  rates  of  maximum  2000 
Hz  are  available. 

Telemetry 

During  a  test  flight  all  parameters  and  events  sampled  by  the  FT  I  are  transmitted  to  the  ground  station  via 
telemetry  and  recorded  on  tape,  used  as  a  back  up  in  case  the  onboard  recorder  fails. 

A  limited  number  of  parameter  or  events  can  be  displayed  on  monitors  or  multi  channel  plotters. 

One  monitor  is  reserved  for  a  synthetic  graphic  of  the  head  up  display,  AFDS  control  panel  and  central  warning  panel. 
Being  permanently  computed  by  oncoming  telemetry  data,  the  test  engineer  has  a  realistic  picture  of  selected  AFDS 
modes,  warnings,  and  a  complete  and  dynamic  HUD-indication.  (Fig.  5) 


Ground  station  facilities 


The  MBB  Flight  Test  Center  is  equipped  with  a  comprehensive  computer  system  which  includes  the  flight 
telemetry  monitor  system,  complex  data  aquisition  and  online/offline  data  evaluation.  (Fig.  6) 


Trajectory  tracking  can  be  performed  by: 


Cinetheodolites  (stationary  and  mobile) 

■  Precision  Radar  tracking  (AN/MPS  36) 

Laser  Precision  Aircraft  tracking  System  (PATS) 


All  stations  are  syncronized,  so  that  hand  over  from  one  system  to  the  other  is  possible. 
Data  are  recorded,  processed  and  automatically  analyzed. 


PERFORMANCE  ASSESSMENT: 


TF  routes: 


When  the  flight  test  program  was  established,  a  precondition  was,  that  tests  had  to  be  performed  over  defined 
test  routes  to  guarantee  a  high  degree  of  reproducability. 

These  routes  had  to  represent  all  but  alp-type  European  terrains  including  different  types  of  vegetation,  land-sea 
crossings  and  man  made  obstacles. 

A  coverage  of  all  routes  by  Cinetheodolites  ana  tracking  radar  was  considered,  impracticable  due  to  the  extensive  effort 
that  would  be  involved. 

Other  more  effective  methods  to  determine  the  flight  path  over  the  terrain  had  to  be  established. 

Only  for  calibration  purpose,  a  number  of  simulated  runs  over  the  airfield  were  tracked  by  Cinetheodolites. 


Terrain  Profile  Reconstruction 


In  the  early  stage  of  system  development  a  two  dimensional  terrain  profile  picked  up  from  a  map  of  a  TF-route 
was  the  basis  for  the  flight  path  simulation.  The  idea  was  to  use  exactly  these  tracks  for  flight  test. 

At  TF  routes  without  significant  land  marks  or  obstacles,  beacons  were  installed  to  improve  the  track  accuracy. 

However,  during  the  Tornado  performance  assessment  phase  this  system  was  not  suitable,  since  the  navigation 
accuracy  necessitates  extensive  effort  to  achieve  adequate  results. 

The  following  analysis  method  has  been  adopted  to  assess  the  system  performance: 

1 .  Reconstruction  of  the  terrain  profile  by  flight  test  data 

2.  Computation  of  the  flight  path  by  flight  test  data  and  assessment  of  the  peak/vally  performance 

3.  Comparison  with  a  simulated  flight  path  over  identical  terrain 

4.  Evaluation  of  the  difference  between  actual  and  simulated  flight  path 

A  good  approach  was  to  compute  the  terrain  profile  by  flight  test  data. 

Basically  a  terrain  profile  can  be  determined  by  subtracting  the  radar  height  from  the  barometric  height. 

For  sufficient  accuracy,  correcting  factors  must  be  taken  into  account,  such  as: 

*  Air  pressure 

‘  Air  temperature 

*  Height  of  test  range 

*  Lags  in  Radar  Altimeter  and  ADC  measurements 
'  Radar  altimeter  beam  width 

The  terrain  thus  obtained  is  two  dimensional  and  will  be  used  to  display  terrain  profiles  with  the  aircraft  flight  path  above, 
both  actual  and  simulated.  (Fig.  7) 

Together  with  relevant  flight  test  data  of  aircraft  and  system  parameters,  the  terrain  profile  is  transcribed  on  a  tape  No  1 . 
Then  the  terrain  profile  is  fed  into  the  flight  path  simulator  from  a  tape  N°  2  and  simulated  parameters  of  the  TF/AFDS 
loop  are  recorded  on  a  tape  No  3. 

The  information  on  tape  No  1  and  NO  3  are  now  compared  by  a  computer  program  with  the  following  possibilities: 

*  Comparison  of  system  parameters  in  relation  to  the  overflown  terrain 

*  Comparison  of  aircraft  flight  path  with  a  simulated  flight  path 

'  statistical  evaluation  of  the  difference  between  flight  test  and  simulation 

The  computer  program  compares  simulation  and  test  results  along  the  flight  path  at  50  m  intervals. 

Hence,  a  TF  route  of  20  km  length  yields  400  samples  to  be  compared.  (Fig.  8) 

Tests  have  shown,  that  the  error  band  of  this  comparing  system  increases  with  the  terrain  roughness. 

Some  factors  that  contnbute  to  this  phenomenon  are: 

*  Tolerances  within  the  FTI  system,  calibration  errors  of  parameters 

*  The  terrain  reproduction  has  a  certain  error  band  due  to  the  radar  altimeter  beam  width.  Within  the  antenna 
beam,  the  shortest  distance  to  ground  is  measured. 

'  By  the  two  dimensional  terrain  reproduction,  obstacles  off  the  track  but  within  the  radar  azimuth  scan  angle  are 
not  considered  in  the  terrain  profile  computation. 

Hence,  the  TF  antenna  is  detecting  targets  not  directly  in  line  with  the  flight  path. 

'  Errors  within  the  AFDS  feedback  loop: 

The  AFDS  triplex  output  contains  a  most  nose  up  logic  that  may  cause  a  slight  fly  high  effect. 


To  present  the  radar  detection  performance  a  computer  program  was  developed  that  combines  the  flight  path  with  radar 
range  and  scan  angle  data. 

These  plots  are  helpful  in  analysing  the  detection  of  small  sized  obstacles  or  to  verify  the  detection  of  non-existing  targets 
caused  by  beta-spikes.  (Fig.  9, 10) 


Assessment  of  the  Peak/Vailev  Performance: 

The  height  over  peaks  ideally  should  be  equivalent  to  the  set  clearance  height.  Hence  peak  values  can  be 
derived  from  Radar  Altimeter  data,  which  however  might  be  difficult  for  small  sized  obstacles. 

The  height  above  valleys  is  depending  on  speed,  selected  ride  mode  and  the  surrounding  terrain.  A  performance 
assessment  requires  the  comparing  simulation. 


FAILURE  TESTING 

Prior  starting  IMC  trials,  pilots  had  to  build  up  confidence  in  the  system.  In  IMC  the  only  possibility  to  monitor  the 
system  response  is  to  rely  upon  cockpit  instruments  and  warnings  (Fig.  11),  considering  the  E-Scope  as  the  primary 
instrument. 

Therefore  an  extensive  failure  testing  was  a  prerequisite: 

■  System  response  on  failures 

*  effectiveness  of  cockpit  warnings 

*  mishandling 

*  failure  injections 

'  cross  software  tests 

*  simulation  of  worst  cases 
"  EMC  testing 


System  Response  on  Failures 

An  essential  part  of  flight  testing  was  the  assessment  of  the  open  loop  pull  up,  a  function  that  takes  place  when 
the  autopilot  disconnects  due  to  a  system  or  sensor  failure. 

Being  designed  to  initiate  an  automatic  fly  up  with  g-loads  between  3  -  4  g  depending  on  speed  and  wingsweep,  flight  test 
results  have  shown,  that  under  certain  circumstances  i.e.  high  aircraft  mass  and  aft  c.g.  at  corner  points  of  flight 
envelope,  the  aircraft  alpha-limits  or  max.  permissable  g's  can  be  exceeded.  (Fig.  12) 

The  flight  envelope  cleared  for  TF  flying  had  to  be  reconsidered  for  each  possible  store  configuration,  mainly  done  by 
closed-loop  simulation. 


Cross  Software  Testing 

Cross  software  testing  was  especially  developed  for  the  digital  Autopilot  and  Flight  Director  System. 
Although  a  redundant  system,  errors  in  the  identical  software  could  cause  hazardous  failures. 

To  minimize  the  risk  to  an  acceptable  level,  following  method  was  adopted: 

An  AFDS  software  model  is  programmed  in  a  high  order  language  by  an  independent  software  team  on  a  separate 
computer  system. 


Then  an  automatic  program  stimulates  both,  the  software  model  and  AFDS  computers  within  and  beyond  the  range  of 
system  limits.  By  comparing  the  outputs,  a  failure  will  be  detected  with  a  high  degree  of  probability.  (Fig.  1 3) 


EMC-Teslirifl 

EMC  can  have  an  influence  on  fly-by-wire  control  systems.  For  example,  in  Germany  there  are  several  powerful 
broadcasting  stations  and  when  flying  In  the  vicinity  of  these  transmitters,  the  aircraft  can  be  exposed  to  quite  significant 

field  strength  levels. 

Therefore,  EMC  testing  is  of  vital  importance  for  the  flight  safety  of  the  aircraft. 
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Assessment  of  the  susceptibility  level  of  the  flight  control  system  was  carried  out  in  three  ways: 


*  Bulk  current  injection  (BCI)  with  stepwise  increasing  Rf  power  into  the  aircraft  wiring. 

*  Illumination  tests  where  the  aircraft  was  exposed  to  a  defined  RF-field  on  ground.  (Fig.  14) 

*  RF-station  fly  by. 

The  FCS  was  modified  such  that  although  flying  mechanical  mode,  a  full  fly  by  wire  mode  could  be  selected  and 
monitored. 

Analysis  of  data  gave  an  impression  of  the  susceptibility  of  the  flight  control  system. 

Results  of  ground  tests  and  flight  tests  urged  the  need  of  EMC-hardening  measures,  mainly  in  the  analogue  CSAS  and 
the  analogue  AFDS  in-  and  outputs. 


PROBLEM  AREAS 


The  beta-spike  problem 

During  the  course  of  flight  test,  unexplained  pull  ups  occured  when  approaching  solid  targets  that  were  tar  below 
the  set  clearance  height. 

Especially  for  iMC-ftight  this  situation  was  unacceptable  and  had  to  be  solved.  Analysis  revealed,  that  the  terrain 
following  radar  sensed  erroneous  echos  above  the  ski  toe  or  Cram  line  and  interpreted  then  as  real  obstacles.  Harsh  3  to 
4  g  climb  commands  were  generated,  followed  by  0  g  pushovers. 

The  cause  of  these  spikes  was  finally  traced  to  a  reflection  problem  from  the  aircraft  pitot  nose  boom  and  pitot  static 
tubes  within  the  radome,  causing  a  radar  detection  via  the  antenna  side  lobes. 

To  overcome  the  problem,  these  parts  were  covered  with  radar  absorbing  material. 

Together  with  a  sensitivity  adjustment  of  the  TF  receiver,  beta-spikes  were  eliminated  by  more  than  95%. 


Unexplained  Autopilot  Disconnect 

Frequent  Autopilot  disconnects  occured  when  flying  TF,  although  no  significant  system  -  or  sensor  failure  was 
detected.  On  ground,  the  problem  could  no  be  reproduced. 

Only  when  the  sample  rate  of  the  instrumentation  was  increased  such  that  processor  cycles  could  be  displayed,  the 
problem  was  traced  to  the  autopilot  failure  logic. 

Fail  events  in  the  range  of  one  program  cycle  were  summarized  and  had  a  combined  effect  thus  tripping  the  disconnect 
logic.  By  changes  in  the  logic  structure  the  problem  was  solved. 


TESTING  THE  SYSTEM  IN  MOUNTAINOUS  TERRAIN  AND  BAD  WEATHER 


In  1983,  after  having  achieved  the  clearance  for  flying  the  TF-system  at  all  speeds  and  heights  in  VMC,  tests 
started  under  IMC-condition. 

The  testgoal  was  progressively  approached  by  starting  over  flat  terrrain  with  runs  against  single  cloud  formations  of 
different  appearance,  aiming  at  an  assessment  whether  the  system  would  identify  clouds  as  an  obstacle. 

In  this  context  two  selectable  weather  modes  had  to  be  tested,  one  with  reduced  receiver  sensitivity,  the  other  with  a 
limited  radar  range. 

IMC  was  defined  as  an  inflight  visibility  of  less  than  1 ,5  km.  This,  of  course,  required  tests  in  all  possible  kinds  of  weather 
such  as  fog,  rain,  snow,  drizzle  and  showers. 

To  test  the  worst  conditions,  a  test  route  over  mountainous  terrain  with  a  maximum  peak  to  valley  height  difference  of 
4000  ft  and  an  overall  length  of  60  NM  was  selected. 

At  this  stage,  where  the  system  performance  as  such  had  already  been  demonstrated,  human  factors  of  the  crew  like 
mental  or  physiological  loads  were  highlighted. 

The  pilot,  having  no  visual  contact  to  the  outside  world,  spends  most  of  the  time  for  E-scope  monitoring. 

As  a  parallel  task,  he  has  to  watch  the  instruments  tor  engine-readings,  speed,  radar  altiude,  angle  of  attack,  g-load  and 
to  select  modes  at  the  AFDS  control  panel.  Any  unexpected  event  like  unpredicted  manoeuvres  or  warnings  will  result  in 
an  increase  of  the  physiological  load.  Changes  in  the  cockpit  lay  out  and  automatic  warning  philosophy  were 
indispensable  to  reduce  pilot  workload. 


Main  items  were: 

*  All  important  indications  and  autopilot  controls  to  be  arranged  as  far  as  possible  in  the  head  up  field  of  view. 

'  Optimization  of  TF-related  warnings. 

*  Aircraft  motions  must  be  predictable  for  the  aircrew  (nuisance  disconnects,  beta-spikes) 

Flight  Director  mode,  being  a  simplex  system  so  far,  is  not  cleared  for  IMC  operation. 

A  presently  introduced  AFDS  upgrade  will  provide  a  duplex,  self  monitoring  Flight  Director  that  will  be  extensively  tested 

in  1989 
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IMPROVEMENTS  AND  MODIFICATIONS 


Ol  course,  the  majority  of  modifications  had  been  introduced  before  starting  tests  with  production  equipment. 
However,  with  growing  experience  by  aircrews  and  engineers, modifications  in  form  of  system  upgrades  were  introduced 
to  cover  technical  and  operational  aspects. 

Important  changes  being  subject  of  present  flight  testing  are: 

*  Substitution  of  the  head  down  AFDS  control  panel  by  a  head  up  status  and  selector  panel. 

This  was  a  strong  aircrew  requirement  out  of  the  IMC  trials  with  respect  to  flight  safety. 

•  Introduction  of  a  split  axis  control  mode  (SAC) 

This  modifiation  is  part  of  an  AFDS  upgrade  and  allows  the  pilot  to  fly  the  aircraft  laterally  by  slick  inputs  while  in 
pitch  the  aircraft  is  still  automatically  controlled. 

'  Implementation  of  a  duplex  Flight  Director  System. 

EMC  hardening  measures. 


CONCLUSION 

Flight  testing  of  the  Tornado  TF-Sysfem  has  shown,  that  computer  aided  analysis  yields  independence  from  special 
test  ranges  with  sophisticated  ground  equipment  and  time  consuming  preparation  of  tests. 

Numerous  problems  had  to  be  solved  before  the  system  was  up  to  an  adequate  standard  fully  developed  to  be  otferd  to 
the  services. 

Performance  has  been  demonstrated  under  "worst  condition"  with  continous  operation  in  excess  of  one  hour  under: 

"  full  IMC 

"  rough  mountainous  terrain 
"  lowest  set  clearance  height 
"  0.9  Mach,  66°  wingsweep 


The  system  is  successfully  used  by  the  services  of  three  nations  since  seven  years  and  has  proven  to  be  reliable  and 
safe. 


LIST  OF  ABBREVIATIONS 


ADI  Attitude  Director  Indicator 

ADC  Air  Data  Computer 

AFDS  Autopilot  and  Flight  Director  System 

CSAS  Command  and  Stability  Augmentation  System 

CP  Control  Panel 

CRAM  Clearance  Range  Ahead  Monitor 

CWP  Central  Warning  Panel 

EMC  Electro  iagnitic  Compatibilty 

E-Scope  Elevation  Scope 

FTI  Flight  Test  Instrumentation 

G.g  Gz-loads 

IN,  INS  Inertial  Navigation  System 

IMC  Instrument  Meteorological  Conditions 

LHW  Low  Height  Warning 

PCM  Pulse  code  Modulation 

SAHRS  Secondary  Attidtude  and  Heading  Reference  System 
SAC  Split  Axis  Control 

UCM  Unobeyed  Command  Monitor 

VMC  Visual  Meteorological  Conditions 


Block  Schematic  of  Tornado  Flight  Control  System 

The  ZCL  is  changing  as  a  function  of: 

•  Ground  Speed  Vo 

•  Selected  Clearance  Height  Ho 

•  Aircraft  Flight  Vector  Angle  y 

•  Ride  Control 


GROUND  SPEED 
Vo  2  >  Vo i 
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Schematic  of  FT  I  Ground  Station 


Peak  Values  of  Normal  Acceleration  during  Open-  and  Closed-Loop  Pull- 
Up,  at  670  Wing  Sweep  and  different  c.g.'s. 


17-12 


Fig.  13  Block  Schematic  of  AFDS-Cross  Software  Test 


Fig.  14  RF-llluminationTest 
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EVALUATION  OF  STORE  CARRIAGE  (AND  RELEASE) 

ENVIRONMENT  USING  FLIGHT  INSTRUMENTED  STORES 

by 

H.A.Torode  and  PJJDrifCU 
Royal  Aerospace  Establishment 
Famborough,  Hants,  GU 1 4  6TD 
UK 

and 

D.Charles 

Cranfield  Institute  of  Technology 
Cranfield,  Bedford,  MK43  OAL 
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SUMMARY 

This  paper  describes  the  approach  adopted  by  Attack  Weapons  Department,  Royal  Aerospace  Establishment, 
Famborough.,  iu  conjunction  with  Cranfield  Institute  of  Technology  for  obtaining  experimental  data  pertinent  to  the  carnage  and 
release  of  conventional  free  fail  weapons.  To  this  end  a  series  of  instrumented,  flight  cleared  stores  have  been  developed  for 
various  data  gathering  exercises,  and  results  from  several  of  the  flight  experiments  completed  to  date,  are  discussed.  In  addition 
some  future  developments  are  presented. 

1  INTRODUCTION 

With  ever  increasing  demands  on  aircraft  performance  and  the  current  preoccupation  with  external  weapons  carriage  it 
continued  to  be  increasingly  important  to  understand  fully  the  carriage  and  release  environment  experienced  by  the  weapon  to  be 
understood.  Two  significant  areas,  flight  carriage  loads  and  vibration,  are  the  subject  of  continuous  detailed  investigation  by  RAE, 
particularly  with  respect  to  the  implications  on  store  design  and  airframe  integration.  In  addition  to  this  research  aspect  RAE 
maintain;  a  continuous  monitoring  brief  in  support  of  in-service  problems  on  various  weapons  and  carriers.  A  close  relationship  is 
also  maintained  with  the  relevant  sectors  of  operational  staff  and  industry  via  consultative  committees. 

To  aid  this  work  a  range  of  self-contained  instrumented  stores  were  constructed  during  the  mid-seventies.  These  were 
capable  of  sensing  and  recording  aerodynamic  loads,  both  steady  state  and  manoeuvres  (up  to  3g),  and  vibration  experienced  by 
the  weapon  during  carriage  flight.  This  work  previously  presented  to  the  AGARD  FMP  in  Reference  1.  These  instrumented  stores 
have  since  been  developed  over  a  number  of  years  by  RAE  in  collaboration  with  the  Flight  Systems  and  Measurement 
Laboratories  at  the  Cranfield  Institute  of  Technology  (CIT).  The  RAE  held  responsibility  for  the  fundamental  design  concepts  of 
the  stores  and  the  overall  management  of  the  flight  trials  while  CIT  advised  on  instrumentation  aspects  and  held  responsibility  for 
the  primary  data  reduction  and  analysis  of  the  vibration  data. 

Section  2  of  this  paper  gives  a  brief  summary  of  the  store  status  and  developments  since  the  presentation  in  Reference  1. 
In  Section  3  a  selection  of  flight  trials  results  in  respect  of  flight  carriage  loads  is  discussed.  Results  for  two  specific  trials  using  the 
load  measuring  stores  are  presented.  In  section  4  vibration  data  gathering  and  analysis  are  discussed  and  the  position  in  general 
aspects,  (which  relate  to  all  rather  than  to  specific  aircraft  trials)  is  reviewed.  Our  future  plans  for  developments  b  store  design 
and  instrumentation  are  presented  in  section  5. 

2  STORES  REVIEW 

2.1  VIBRATION  STORES 

The  two  original  vibration  stores  V02  and  V03,  (described  b  reference  1),  both  based  on  the  UK  10001b  bomb  casing,  are 
still  b  limited  use,  but.  are  restricted  due  to  the  limitation  of  recording  only  six  channels  of  data.  These  stores  use  piezo-electric 
accelerometers  for  measurement  and  charge  amplifiers  for  signal  conditioning  with  the  results  recorded  on  an  internal  eight 
channel  tape  recorder.  An  additional  store,  agab  using  the  same  shell,  has  been  produced  utilising  accelerometers  which  have 
btegral  electronics  to  overcome  difficulties  experienced  with  the  origbal  instrumentation  such  as  cable  noise  sensitivity  and 
instrumentation  bulk  A  multiplexer  has  becu  added  to  increase  the  flexibility  of  the  recording  system  and  enables  additional 
transducers  to  be  added  when  required  for  more  detailed  investigations  such  as  bomb  tail  fatigue  aspects.  The  vibration  data  is 
recorded,  on  the  stores  internal  tape  recorder,  using  V_  inch  tape,  over  a  bandwidth  from  steady  state  to  3  kHz. 

The  vibration  data  recorded  by  these  stores  has  been  gathered  with  two  basic  aims: 

a)  To  provide  detailed  information  leading  to  the  understanding  of,  and  the  solution  to,  in-service  problems  which  prmw 

as  a  result  of  changing  operating  conditions  from  the  original  design  requirements. 

b)  To  provide  data  to  allow  more  realistic  methods  and  spectra  for  ground  testbg  to  be  devised  and,  bddentally,  to 

isolate  the  various  parameters  affecting  store  vibration  levels.  Subsequently  guidelbes  for  developbg  more  efficient 

designs  have  been  formulated. 

2.2  AERODYNAMIC  LOAD  STORES 

Two  loads  stores  designated  A01  and  A02  have  been  designed  around  a  Patushkin  Aerodynamic  Load  Balance  which 
measures  the  relative  deflections  between  two  ptates  by  means  of  six  strain  gauge  links,  Figure  1.  One  plate  is  attached  to  the 
aircraft,  via  the  weapon  suspension  equipment,  and  the  other  is  attached  to  the  store  skin.  The  aerodynamic  loads  and  moments 
are  derived  from  the  strab  gauge  outputs,  by  means  of  a  calibration  matrix,  from  the  links  through  which  the  plates  are  coupled.  It 
should  be  noted  that  roll  is  derived  from  the  differences  between  the  two  forward  elements  of  the  vertical  load  links.  One 
advantage  of  this  design  is  that  the  store  skb  is  attached  to  the  balance  plate  by  two  rings,  this  enables  the  skin  to  be  light  to 
minimise  inertia  effects.  This  attachment  system  permits  these  balances  to  be  readily  embodied  bto  a  variety  of  weapon  shapes  on 
the  present  UK  inventory.  Currently  body  shapes  are  available  for  the  b-service  10001b  with  the  No  114  Tail  and  BL755  weapons. 


These  stores  are  totally  self  contained  as  they  have  internal  battery  power  supplies  and  tape  recorder.  The  only  aircraft  interface  is 
the  recorder  operation,  usually  controlled  from  the  cockpit.  This  enables  them  to  be  fitted  on  most  store  locations  on  all  service 
aircraft. 

The  ’handed’  sign  convention  shown  in  Figure  2  has  been  adopted  so  that  the  axes  frame  used  corresponds  to  that  of  the 
aircraft.  This  has  the  further  advantage  that  the  recorded  loads  correspond  on  both  sides  of  the  aircraft  centreline.The  moment 
reference  centre  of  the  store  is  on  the  centreline  at  the  mid-point  of  suspension.  This  is  also  necessary  for  comparison  purposes 
between  various  weapon  shapes  which  have  differing  Centres  of  Gravity. 

The  ‘aero’  aic  carried  U  measure  the  aerodynamic  loads,  resulting  from  the  aerodynamic  flow  field  around  the 

aircraft/weapon  combination,  lo  provide  data  which  may  be  used  in  the  following  areas; - 

a)  Detailed  investigation  of  the  aerodynamic  loads  and  moments  experienced  by  the  weapon  during  carriage  flight  and 
the  implications  on  release  disturbance  for  ament  in-service  aircraft. 

b)  The  generation  of  a  UK  data  base  of  weapon  release  parameters.  This  data  base  is  currently  in  use  notably  providing 
information  for  the  validation  of  current  prediction  methods  for  release  characteristics  of  weapons. 

2.3  USAGE 

A  large  number  of  assignments  have  been  completed  undertaking  a  wide  variety  of  tasks  and  investigations.  Amongst 
those  which  have  been  completed  most  recently  are  the  systematic  investigations  of  the  fatigue  environment  encountered  by  a 
store  during  carriage  on  current  in-service  aircraft.  Id  support  of  this  aerodynamic  loads  have  been  measured  during  low  level 
flight  and  a  variety  of  manoeuvres.  Two  tasks,  typical  of  such  studies  are  now  described  in  detail. 

3  AERODYNAMIC  STORE  LOADS  STUDIES 

3.1  HARRIER  -  TWIN  STORE  CARRIER 

A  series  of  flight  trials  have  been  conducted  on  the  Harrier  aircraft  to  investigate  store  carriage  loads  on  Twin  Store 
Carriers(TSC).  Mathematical  modelling  had  predicted,  Reference  2,  that  increased  store  separation  could  be  expected  to  alleviate 
the  large  forces  and  moments  contributing  to  the  release  disturbance  environment  on  this  aircraft  when  carrying  two  large  stores 
on  the  inboard  wing  pylon.  To  validate  these  predictions  a  trial  was  mounted  using  an  instrumented  stores  to  gather  results  from 
the  conventional  inscrvicc  TSC  and  a  new  twin  store  carrier,  designated  YDC,  modified  to  increase  the  separation  between  the 
stores.  Reference  3.  The  physical  differences  between  the  carriers  used  are  shown  in  Figure  3. 

Figures  4a-e  show  the  results  for  10001b  bomb  shape  carried  on  both  inner  and  outer  positions  on  the  conventional  TSC 
and  YDC.  In  the  TSC  configuration  the  axial  and  normal  force  increase  with  increasing  speed  while  side  force  appears  to  remain 
steady  and  is  less  sensitive  to  changes  in  speed.  The  pitching  moment,  nose  down,  tends  to  increase  linearly  with  speed  and  does 
not  exhibit  any  dependence  oq  store  position  on  the  carrier.  Noteably  the  yawing  moments  increase  with  speed  and  are  of  opposite 
sign  depending  on  store  position  indicating  that  the  tails  are  coming  together  with  the  possibility  of  the  tails  colliding  during  the 
release  of  the  first  store. 

The  results  from  the  angled  ;arrier  (YDC),  again  for  both  store  positions,  demonstrate  the  same  trends  as  the 
conventional  TSC,  but  with  a  significant  reduction  both  in  nose  down  pitching  moment  and  the  mutual  yawing  attraction  of  the 
tails. 

This  trial  validated  the  new  aerodynamic  design  showing  that  increased  separation  of  the  stores  on  the  carrier  has  a 
beneficial  effect  on  the  carriage  environment  and  in  particular  the  reduction  of  both  pitching  and  yawing  moments.  In  our 
experience  release  disturbance  is  related  to  the  magnitude  of  the  pitching  and  yawing  moments  experienced.  Subsequent  trials 
have  demonstrated  that  the  release  of  the  inner  store  (first  release,  and  therefore  in  the  presence  of  the  outer)  has  represented  a 
clear  improvement  over  the  earlier  TSC.  As  a  result  of  the  trials  evidence  the  YDC  carrier  has  been  put  into  production  and  has 
entered  service  as  the  CBTS  30. 

3.2  TORNADO  -  RELEASE  DISTURBANCE  DATA  BASE 

The  RAH  is  currently  performing  a  series  of  research  flight  trials  using  its  Tornado  test  aircraft,  Figure  5a,  to  provide  full 
scale  aerodynamic  data  for  use  in  validation  of  the  wide  variety  of  predictive  techniques  currently  available  in  carriage  and  release 
modelling.  Heretofore  such  predictions  have  generally  been  compared,  one  against  the  other,  to  demonstrate  their  validity,  in  the 
absence  of  comprehensive  and  reliable  flight  data.  At  RAE,  both  Aerodynamics  and  Weapons  Departments  concluded  that  it  was 
important  that  such  techniques  should  be  tested  against  "real  world’’  data  as  the  ultimate  test.  These  trials  were  planned  to  make 
available  a  comprehensive  data  set  using  all  current  carriage  and  release  data  gathering  techniques  including  the  Aero  stores  as 
just  described  to  measure  carriage  loads,  a  special  to  type  instrumented  Ejector  Release  Unit  (ERU)  to  define  the  ejection 
impulse  and  conventional  cameras  to  identify  post  release  trajectories. 

This  program  is  being  conducted  in  collaboration  with  UK  industry  who  will  be  carrying  out  the  comparative  studies  under 
MoD  contracts.  Differing  Computational  Fluid  Dynamics  (CFD)  techniques  will  be  compared  by  British  Aerospace  sites  (at 
Brough,  Kingston  and  Warton),  and  at  RAE  and  Hunting  Engineering.  Tunnel  techniques  will  also  be  compared  with  specific 
interest  in  the  Accelerated  Model  Rig  (AMR)  at  BAe  Brough  and  the  Twin  String  Rig  (TSR),  Figure  5b,  operated  by  the  Aircraft 
Research  Association  (ARA),  both  of  which  represent  state  of  the  art  techniques  in  store  trajectory  simulation.  The  majority  of 
these  approaches  were  discussed  in  UK  contributions  to  Reference  4. 

3.2.1  instrumentation  to  Define  Release  Event 

The  practice  of  instrumenting  release  events  is,  of  course,  as  old  as  flight  testing  itself;  and  in  principle,  any  clearance  trial 
such  as  those  to  gather  aeroballistics  data  could  be  used  for  validation  purposes.  Unfortunately,  it  has  been  proven,  time  and 
again,  that  these  routine  clearance  trial  events  are  usually  inconsistent  or  inadequately  instrumented  and  documented  and  rarely  of 
adequate  quality,  particularly  when  near  field  behaviour  is  being  considered.  The  reasons  for  such  variability  are  several,  but  the 
following  are  considered  to  be  of  most  significance: 

1)  Imprecise  or  incomplete  knowledge  of  the  detailed  conditions  of  flight  before  and  at  release  event.  This  leads  to  two 
further  issues:  (a)  An  incomplete  understanding  of  the  initial  conditions  for  dynamic  modelling,  (b)  Inability  to  estimate 
store  load  at  release. 

2)  Variability  of  crutching  preloads  and/or  store  compliance. 

3)  Lack  of  actual  knowledge  of  the  ERU  performance  and  therefore  the  impulse  applied  to  the  store. 
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This  programme  is  attempting  to  eliminate  all  these  limitations  by  use  of  a  comprehensive  instrumentation  fit  and 
thorough  ground  test  and  preparation.  The  RAE  Tornado  is  fitted  with  a  MODAS  (Modular  Data  Acquisition  System), 
Reference  5,  and  a  comprehensive  sensor  fit  capable  of  meeting  all  our  requirements  for  release  work. 

In  respect  of  crutching  and  preload  imprecision  we  are  fortunate  that  the  Tornado  is  equipped  with  the  MACE  system  of 
Minimum  Area  CrutchJess  Ejectors.  This  system  was  conceived  primarily  to  avoid  crutch  arms  to  reduce  carriage  drag  these 
arras  being  replaced  by  snubbing  wedges  which  bear  on  the  top  surface  of  the  special  bomb  suspension  lugs. 

To  evaluate  the  store  compliance  on  the  pylon  a  special  rig  was  constructed  to  enable  a  range  of  loads  and  torques  to  be 
applied  to  the  mounted  store  and  its  compliance  measured.  The  results  permitted  us  to  conclude  that  the  store  position  would 
remain  essentially  constant  in  flight.  We  also  consider  that  the  store  loading  variations  using  the  automatic  MACE  suspension 
system  would  be  small  and  repeatable. 

In  order  to  define  the  release  impulse  applied  to  the  store,  a  production  Light  Duty  Ejector  Release  Unit(LDERU)  has 
been  modified  so  that  the  gas  pressures  within  the  ejector  ram  chamber  and  its  position  can  be  monitored  during  ejection  of  the 
store.  The  instrumentation  is  fitted  to  the  forward  and  aft  ejector  rams.  As  the  ram  chamber  walls  are  of  insufficient  thickness  to 
allow  a  pressure  transducer  to  be  directly  mouoted,  a  suitable  mounting  had  to  be  designed.  This  mounting  permitted  the 
installation  of  a  piezo-electric  pressure  transducer,  1000  bar  full  scale,  to  monitor  pressure  at  the  ram  crown.  The  ram  position 
instrumentation,  Figure  6,  comprises  a  control  rod  which  attaches  to  ram  foot,  by  means  of  the  existing  gas  exhaust  mechanism,  so 
that  the  control  rod  mirrors  the  ram  extension.  A  thin  multi-stranded  steel  wire  is  attached  to  the  top  end  of  the  control  rod,  and 
runs  over  a  pulley  system  and  is  attached  to  a  rotary  potentiometer,  which  is  a  spring  biassed  against  the  direction  of  rotation.  The 
pulley  attached  to  the  potentiometer  shaft  is  sized  such  that  one  rotation  of  the  wiper  shaft  equates  to  full  travel  of  the  ram.  The 
potentiometers  are  mounted  externally  on  the  pylon  owing  to  the  lack  of  internal  space.  The  outputs  from  the  ERU 
instrumentation  are  recorded  on  the  aircraft  MODAS  system.  We  believe  that  this  instrumentation  of  the  release  impulse  is  novel. 
Figure  7,  and  results  compare  extremely  favourably  with  previous  attempts  to  measure  ejection  force  directly,  which  is  invariably 
susceptable  to  noise  and  ’ringing’. 

Two  camera  pods  are  carried  one  on  each  outboard  wing  pylon  using  a  modified  Carrier  Bomb  Light  Series  (CBLS) 
200’s.  These  carriers  are  cleared  on  virtually  all  stations  of  current  UK  aircraft  and  therefore  offer  a  flexible  package  which  can  be 
used  fleet  wide.  Each  pod  is  equipped  to  carry  three  Photosonic  IP  16mm  cine  cameras  which  can  be  aligned  in  pitch  and  yaw  to 
film  the  release  over  approximately  the  first  3  metres.  An  additional  camera  is  mounted  in  the  modified  rear  fairing  of  the  Laser 
Range  Finder  Pod  such  that  it  is  looking  rearwards  and  across  the  fuselage  at  the  release  store  to  improve  definition  of  the  store 
yaw  during  release.  The  film  records  are  analyzed  at  A&AEE  Boscomb  Down  on  a  VISTA  system,  as  developed  by  BAe  Warton, 
Reference  6. 


3.2.2  Flight  Test  Programme 

For  the  purposes  of  these  validation  experiments  the  BL755  cluster  weapon  has  been  chosen  as  the  release  store.  This  is  a 
relatively  light  store  which  could  be  easily  disturbed  particularly  if  released  with  the  folding  fin  flip  mechanism  disabled  making  it 
more  sensitive  to  the  prevailing  flow  field  conditions.  The  stores  are  to  be  released  from  the  instrumented  LDERU  mounted  in 
the  port  rear  pylon  position  in  various  store  configurations.  The  configurations  for  carriage  and  release.  Figure  8,  range  from  four 
stores  to  a  single  store  to  maximise  the  use  of  AOl  and  A02.  All  drops  will  be  carried  out  at  5000ft  over  a  range  of  airspeeds  from 
300kts  to  550kts.  Within  operational  limits  the  aircraft  weight  will  be  varied  to  alter  the  flight  incidence  during  release,  which 
together  with  the  maximum  achievable  sideslip,  is  designed  to  provide  the  widest  possible  variation  in  release  conditions. 

Store  carriage  loads  at  all  stations  will  be  measured  over  a  wide  range  of  flight  conditions.  Figures  9a  &  9b,  for  each  store 
configurations,  as  an  integral  part  of  the  program  to  provide  a  database  for  those  interested  in  carriage  aerodynamics. 
Aerodynamic  induced  loads  have  been  recorded  over  a  range  of  IAS,  Mach  Number,  Altitude,  Steady  Heading  Side  Slips  and 
wind-up  turns  up  to  limit  incidence.  The  data  will  be  acquired  using  both  instrumented  stores  AOl  and  A02.  Typical  Aero  Store 
results  from  a  recent  flight  are  shown  in  Figure  10. 

To  date  (September  1988)  all  flights  to  record  carriage  loads  have  been  completed  for  all  store  carriage  configurations. 
Release  flights  at  300  kts,  for  maximum  and  minimum  aircraft  weights,  have  recently  been  completed  for  the  four  and  single  store 
configurations. 


4  STORE  FLIGHT  CARRIAGE  VIBRATION  STUDIES 

4.1  VIBRATION  FLIGHT  TEST  PROGRAMME 

During  the  early  1970’s,  it  became  apparent  when  compiling  project  design  and  test  specifications,  that  existing  UK  MoD 
requirement  documents  were  deficient  for  several  store  environmental  conditions.  One  such  deficient  area  was  that  associated 
with  carriage  flight  vibration  on  high  performance  aircraft. 

The  RAE  Vibration  Flight  Test  Programme(FTP)  was  designed  to  gather  data  from  a  number  of  aircraft  types,  including 
a  wide  range  of  aircraft  configurations  and  manoeuvres,  using  the  vibration  instrumented  stores  described  above.  The  data 
■  gathered  was  to  form  the  basis  of  a  revision  of  MoD  requirement  documents. 

This  FTP  continues  to  this  day  in  its  original  role  of  gathering  data  from  new  aircraft  and/or  sortie  profiles  as  they  appear 
and,  additionally,  in  the  role  of  trouble-shooting. 

This  section  describes  the  how  data  from  the  vibration  measuring  stores  are  processed  and  analyzed  to  help  quantify  the 
flight  carriage  vibration  environment. 

4.2  DATA  PROCESSING 
4.2.1  Data  Bank 

Over  a  period  of  eighteen  years  the  UK  MOD  Data  Analysis  Facility  at  the  Cranfield  Institute  of  Technology  (CIT),  has 
been  processing  and  archiving  data  obtained  from  a  wide  variety  of  trials.  This  has  resulted  in  a  data  bank  holding  vibration  and 
shock  data  arising  from  a  comprehensive  catalogue  of  store  environments.  The  data  bank  relating  to  stole  flight  carriage, 
including  data  from  the  RAE  FTP,  is  believed  to  be  the  largest  in  Europe  of  flight  vibration  data  relating  to  the  external  carriage 
of  stores.  The  scope  of  the  data  bank  at  CIT  is  illustrated  in  Figure  11. 

The  data  in  the  form  of  acceleration  spectra,  both  average  and  peak  hold  has  been  archived  onto  the  data  bank.  Analysis 
parameters,  viz:  acquisition  rate,  filter  data,  transform  size,  record  duration,  etc,  together  with  additional  information  relating  to 
flight  conditions,  aircraft  configurations,  etc,  are  also  stored  in  the  data  bank. 

The  data  bank  at  CIT  has  formed  the  basis  of  major  parametric  studies  of  store  flight  carriage  vibration.  Reference  7. 
These  studies  are  currently  being  used  to  support  the  on-going  revisions  of  DEF.STAN.0035  and  DEF.ST AN .00970. 


18-4 


4.2.2  Hardware 

Data  processing  is  carried  out  using  the  Facility's  mini-computer  based  versatile  signal  analyzer.  A  diagram  of  the  system 
is  presented  in  Figure  12.  Using  this  system,  signals  from  replay  tape  Jecits  are  presented  to  the  computer  via  16  input  channels  of 
switched  gain  amplifiers,  anti-aliasing  filters  and  analogue  to  digital  converters  (ADCs),  all  operating  under  software  control.  The 
and-aliasing  filters  may  be  either  Bufterworth  or  Bessel  types  (48  dB/octave)  and  were  designed  and  built  by  CIT.  Filters  are 
matched  to  one  another  within  * l  0.1%  and  +/  2  degrees  in  terms  of  gain  and  phase.  The  front  end  of  the  computer  consists  of 
an  array  processor  capable  of  fast  matrix  arithmetic  (17  million  floating  point  operations  per  second).  This  capability,  together 
with  the  full  double-buffering  techniques,  permits  real  time  analysis  of  16  channels  of  data  at  rates  up  to  60000  samples  per 
second,  per  channel,  without  any  loss  of  data.  All  processed  digital  data  are  scored  on  disc,  together  with  the  analysis  parameters, 
including  calibration  factors,  acquisition  rates  and  filter  details. 

4.2.3  Techniques 

Data  processing  initially  involves  a  data  characterization  phase  to  establish  the  most  appropriate  formats  and  processing 
parameters,  eg:  upper  frequency  limit,  digital  acquisition  rate,  resolution  bandwidth,  windowing,  etc.  This  typically  involves 
processing  a  limited  quantity  of  data,  probably  that  pertaining  to  the  most  severe  condition  identified  from  quick-look  records.This 
phase  is  used  to  examine  data  in  terms  of  its  stationarity  by  processing  data  in  versus  time  formal.  The  second  phase  of  data 
processing  comprises  the  processing  of  the  bulk  of  the  gathered  data  using  Che  formats  and  processing  parameters  established  in 
phase  one. 

Data  formats  for  store  responses  relating  to  carriage  on  high  performance  aircraft  routinely  include  Acceleration  Sfiectral 
Density,  versus  time,  for  checking  the  stationarity  of  data;  amplitude  probability  density,  for  checking  the  normality  of  data. 

To  support  subsequent  assessments,  it  is  usual  to  reduce  the  primary  data  into  special  formats  to  facilitate  the  recognition 
of  data  trends.  Environment  descriptions  are  derived  from  these  formats. 


4.3  ASSESSMENT 

4.3.1  Environment  Description 

An  environment  description  based  on  trial  results  represents  in  summary  form  the  output  of  the  data  processing  phase.  A 
flow  diagram  illustrating  the  production  process  of  an  environment  description  from  field  data  is  presented  in  Figure  13.  An 
environment  description  comprises  two  elements,  ie: 

a)  Measured  data  defining  the  actual  envirotunem  experienced  during  the  trial. 

b)  An  identification  of  parameters  and  trends  governing  that  environment. 

An  examination  of  trends  attempts  to  identify  the  major  parameters  effecting  the  severity  of  an  environment.  Such 
information  can  be  used  to  extrapolate,  either  quantitatively  or  qualitatively,  from  the  particular  trials  data  to  the  more  general 
situations  of  inservice  use.  Particular  examples  which  have  been  studied  using  the  instrumented  stores  are  discussed  below. 


4.3.2  Vibration  Response  Versus  Speed  (Grms  v  Dynamic  Pressure) 

Vibration  as  influenced  by  altitude  and  airspeed  has  been  examined  using  a  regression  analysis  of  overall  rms  vibration  on 
flight  dynamic  pressure.  In  this  analysis,  a  relationship  of  the  following  form  has  proved  to  be  appropriate: 

Urns  *  A'(Q)“ 

where  A  is  a  constant  and  Q  is  Dynamic  Pressure 

The  data  is  then  transformed  into  a  linear  equation  of  the  form: 

Logferms)  =  Log  A  +  n  *  Log(Q) 

By  this  means,  the  rate  of  increase  of  vibration,  ie:  the  slope  of  the  computed  regression  line,  has  been  estimated. 

This  analysis  has  also  been  used  to  compute  a  vibration  level  for  a  reference  dynamic  pressure  of  1000  psf.  This 
parameter  is  useful  when  comparing  the  relative  severity  of  aircraft  configurations.  An  advantage  of  this  means  of  comparing  data 
is  the  improved  statistical  confidence  in  the  reference  value  compared  with  that  of  a  single  estimate.  A  typical  example  of  this 
analysis  is  shown  in  Figure  14. 

The  correlation  coefficient  is  used  to  describe  the  quality  of  curve  fit  to  the  measured  data.  It  has  been  found  that  there 
exists  very  high  correlation  between  vibration  and  dynamic  pressure,  with  coefficients  of  0.99  being  typical.  Consequently,  this  type 
of  analysis  has  been  found  to  be  a  valuable  aid  in  a  general  assessment  of  flight  vibration  records,  because  rogue  data  is  easily 
recognized  in  this  format. 

Results  of  this  regression  analysis  indicate  that  the  slopes  of  the  computed  regression  lines  are  seldom  unity,  but  lie 
generally  in  the  range  0.7  to  1.5,  according  to  both  aircraft  and  store  types:  specification  documents,  such  as  MIL-STD-810D, 
assume  a  slope  of  unity ;  which  may  be  adequate  for  general  use  but  may  not  be  appropriate  in  particular  cases. 


4.3.3  Reference  Spectra 

The  above  process  has  been  taken  a  stage  further  to  the  computation  of  ’Reference  Spectra’.  Such  a  spectrum  represents 
the  best  estimate  of  vibration  response  at  a  reference  flight  dynamic  pressure  of  1000  psf.  Reference  Spectra  are  computed  by 
carrying  out  a  regression  analysis  for  each  spectral  line,  of  which  there  may  typically  be  1024.  Smoother  estimates  are  usually 
obtained  by  a  coarser  bandwidth,  for  example,  one-third  octave.  This  type  of  analysis  also  provides  evidence  regarding  the  sources 
of  excitation  of  stores  during  flight  carriage.  Typically,  the  correlation  coefficient  is  good  above  around  200  Hz,  indicating  that 
aerodynamic  excitation  is  dominant  in  this  domain.  It  is  believed  that  vibration  mechanically  transmitted  from  the  aircraft  to  the 
store  influences  the  low  frequency  store  response,  which  corresponds  to  relatively  poor  correlation  below  200  Hz.  These  treads 
may  be  seen  in  Figure  15. 
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4.3.4  Store  Fins  and  Carriage  Equipment 

A  special  series  of  trials  was  instigated  to  examine  any  effects  on  store  vibration  due  to  the  presence  of  a  store’s  fins,  and 
also  to  compart  store  vibration  arising  from  MACE  and  Sway  Brace  carriage  equipment. 

L  was  seen  from  the  trials  that  for  tail  vibration,  an  average  reduction  of  around  50%,  compared  to  the  response  of  the 
finned  store  on  Sway  Brace,  could  be  achieved  by  either  removing  the  fins  or  by  switching  to  MACE.  No  further  decrease  was 
seen  by  both  removing  fins  and  using  MACE.  These  effects  are  apparent  in  Figure  16.  It  is  believed  that  the  more  turbulent  flow 
over  the  store  when  using  Sway  Brace  equipment,  together  with  a  store  whose  ability  to  extract  vibration  energy  from  the 
airstream  is  enhanced  by  the  presence  of  fins,  leads  to  the  increased  vibration  of  the  store. 


4.3.5  Store  Carriage  Stations 

Data  presented  in  Figure  17  relates  to  four  carriage  stations  on  a  Buccaneer  aircraft,  ie:  inboard  and  outboard  wing  I 

pylons  and  a  bomb  bay  station  with  doors  open  and  dosed.  It  may  be  seen  that  the  store  response  on  either  wing  station  is  similar 
and  somewhat  more  severe  than  the  fuselage  station.  Also,  as  expected,  carriage  in  an  enclosed  bomb  bay  is  markedly  less  severe 
than  for  external  carriage,  in  this  instance  by  a  factor  of  about  5  on  overall  g^. 

The  regression  analysis  shows  the  rate  of  increase  of  vibration  with  respect  to  flight  dynamic  pressure  to  be  similar  for  all 
four  carriage  configurations. 


4.3.6  Influence  ot  Adjacent  Stores 

The  influence  of  adjacent  stores  upon  a  store’s  vibration  response  was  one  of  the  first  aspects  to  be  addressed  by  the  FTP 
and  is  extensively  reported  in  Reference  8. 

It  is  well  known  that  the  installed  drag  of  multiple  stores  carried  in  dose  proximity  to  one  another  can  exceed  by  a 
considerable  margin  the  sum  of  drag  components  of  each  store  carried  in  isolation.  Furthermore,  it  is  to  be  expected  that  the 
intensity  of  the  turbulent  field  surrounding  a  store  will  be  a  function  of  the  installed  drag. 

An  analysis  has  been  made  comparing  the  effect  of  adjacent  stores  upon  an  instrumented  round  carried  on  a  Phantom 
aircraft  equipped  with  a  triple-carrier.  The  analysis  involved  normalizing  the  values  of  each  transducer  channel  obtained  at 
550  IQs.  by  those  pertaining  to  the  three  store  configuration,  and  averaging  the  results.  These  data  are  presented  in  Figure  18  from 
which  it  is  inferred  that: 


a)  Vibration  severity  is  mainly  a  function  of  the  local  store  configuration,  rather  than  the  position  of  the  carrier  on  the 
aircraft. 

b)  Compared  with  single  store  carriage,  a  30%  increase  in  g  is  shown  when  two  stores  are  carried  abreast  in  dose 
proximity,  and  a  further  10%  increase  when  the  store  is  surrounded  by  two  stores  in  dose  proximity. 

Similar  effects  to  those  seen  on  the  Phantom  are  also  evident  in  data  relating  to  the  Tornado  equipped  with  a  twin  store 
carrier.  Data  comparing  single  and  twin  store  carriage  are  presented  in  Figure  19  in  the  form  of  a  regression  analysts  of  vibration 
on  flight  dynamic  pressure.  This  analysis  indicates  the  twin  store  configuration  to  be  generally  some  50%  more  severe,  in  terms  of 
overall  g^,  than  single  store  carriage. 

5  FUTURE  DEVELOPMENTS  -  ULDAS 
5.1  REQUIREMENT 

Resulting  from  the  operational  experiences  with  A01  &  A02  it  was  recognized  that  a  new  store  was  required  to  extend 
the  research  initiated  by  RAE  and  also  to  take  advantage  of  the  technological  advances  in  instrumentation  and  electronic  design. 
The  new  store  is  to  be  known  as  the  Universal  Loads  Data  Acquisition  Store(ULDAS). 

The  areas  addressed  by  the  new  store  are:- 

1)  To  provide  an  aerodynamic  load  balance  where  the  roll  component  is  measured  directly  rather  than  derived  by 
computation. 

2)  The  recording  of  linear  and  rotational  accelerations  for  the  separation  of  inertia  and  aerodynamic  load  components. 

3)  The  measurement  of  the  store  surface  pressure  distribution. 


5.2  MECHANICAL  DESIGN 

The  mechanical  construction  of  the  ULDAS  load  balance  is  shown  in  Figure  20,  the  balance  comprises  two  cylinders,  the 
inner  being  attached  to  the  aircraft  suspension,  and  the  outer  forming  the  store  skin.  The  two  cylinders  are  connected,  as  with  A01 
or  A02,  by  strain  gauged  links  which  measure  relative  displacements.  Two  links  measure  lateral  loads,  two  for  the  vertical  and  one 
for  axial  loads.  The  sixth  link  is  attached  to  a  gimbal  ring  detects  the  rolling  moment.  Six  accelerometers  are  mounted  within  the 
inner  tube;  three  linear  transducers  sense  accelerations  along  the  three  principle  axes  and  three  rotary  transducers  sensing  rate  of 
acceleration  about  the  principle  axes.  Pressure  tappings,  a  total  of  208,  are  provided  over  the  skin  surface  which  are  piped  to 
miniature,  electronically  scanned  pressure  sensors,  which  are  capable  of  accommodating  32  channels.  Owing  to  cost  and 
complexity  considerations  only  4  such  devices,  serving  128  channels,  are  provided  at  present.  Therefore,  it  is  recognized  that 
several  flights  will  be  required  to  survey  the  entire  store  surface.  Two  reference  pressure.'  for  the  pressure  sensors’  self 
calibration,  are  also  provided.  All  the  transducers  and  associated  instrumentation  are  mounted  within  the  inner  cylinder. 


5.3  INSTRUMENTATION 
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The  Universal  Loads  and  Data  Acquisition  Store  (ULDAS)  contains  a  flight  measurement  and  recording  system  designed 
and  built,  by  CTT,  to  accept  and  condition  analogue  transducer  signals,  digitize  and  store  the  data  in  a  solid  state  memory,  Figure 
21.  Data  channels  to  be  measured  are  preprogrammed  prior  to  flight  by  a  portable  microcomputer,  which  constitutes  the  Ground 
Station  Equipment  (GSE).  ULDAS  is  controlled  by  a  TMS32020  16-bit  microprocessor.  A  signal  conditioning  unit  (SCU)  is 
provided  to  accept  the  load  cell,  accelerometer  and  reference  pressure  transducer  signals  and  these  signals  axe  then  routed  to  a 
32-channel  multiplexor.  The  output  from  this  device  is  passed  to  an  ADC  which  has  a  12-bit  resolution.  Data  is  stored  directly  in 
the  unit's  main  memory  which  comprises  256  K  words  of  dynamic  ram  (DRAM)  which  is  under  the  control  of  a  second  TMS32020 
microprocessor.  After  a  flight  trial,  the  contents  of  the  ULDAS  main  memory  are  downloaded  to  the  GSE,  either  directly  or  via  a 
Data  Transfer  Unit  (DTU).  The  GSE  stores  data  on  floppy  disc  for  subsequent  off-line  analysis. 

In  its  present  form,  ULDAS  will  accept  the  following  transducer  inputs: 

6  Load  Sensors 
6  Accelerometers 
128  Pressure  Sensors 
2  Reference  Pressures 

The  128  pressure  channels  are  presented  to  ULDAS  as  4  sub- multiplexed  data  channels.  Therefore,  ULDAS  is  presented 
with  a  total  of  18  analogue  inputs.  Using  a  sample  rate  of  20  sps  per  channel  for  ail  channels  a  recording  duration  of 
approximately  20  minutes  can  be  achieved.  Alternatively  the  system  can  be  programmed,  by  the  GSE,  to  provide  various 
permutations  of  channel,  sample  rate  and  recording  duration. 


5.4  CALIBRATION 

At  present  the  store  is  mechanically  complete  and  the  instrumentation  is  in  the  process  of  commissioning  On  completion 
of  the  instrumentation  commissioning  the  store  will  be  mounted  in  a  wind  tunnel  balance  calibrator.  This  will  apply  a  series  of 
loads  and  moments  to  the  ULDAS  balance  so  that  a  transformation  matrix  can  be  derived.  This  matrix  will  be  used  to  resolve  the 
individual  strain  gauge  outputs  into  loads  and  moments  at  the  store  reference  centre.  The  pressure  measuring  instrumentation  will 
be  assessed  by  mounting  the  store  in  the  RAE  5M  Wind  Tunnel. 

6  FUTURE  FLIGHT  TRIALS 

Our  cunent  commitments  are  to  the  Tornado  release  disturbance  data  base, (Section  32).  These  trials  are  in  hand  at  the 
present  time.  Commissioning  of  ULDAS  is  expected  to  be  completed  towards  the  end  of  that  programme. 

It  is  then  proposed  to  use  ULDAS  to  assess  store  loads  and  pressure  distributions  on  both  single  and  multiple  carriage 
conditions  in  future  support  of  that  data  base. 

Further  a  series  of  non-drcular  shells  are  being  manufactured  as  part  of  a  programme  to  investigate  the  implications  of 
variations  from  the  circular  cross-section,  on  carriage  loads  and  vibration,  to  full  square  section  in  several  stages,  Figure  22  and 
Reference  9. 

We  are  also  currently  considering  the  opportunities  made  available  by  cheap  and/or  ruggedised  instrumentation  to  equip 
launchable  stores  for  the  analysis  of  the  near  field  trajectory  phase. 


7  CONCLUSION 

The  case  studies  presented  here  have  been  chosen  from  a  wide  variety  of  trials  carried  out  over  a  considerable  period 
They  have  demonstrated  the  utility  of  a  maintained  base  of  expertise  for  tackling  problems  of  stores  integration  with  flexible  tools 
that  are  applicable  on  a  fleet-wide  basis.  The  data  gathered  has  been  to  and  found  supportive  of  a  wide  variety  of  issues  including 


a)  Validation  of  modern  predictive  techniques. 

b)  Inputs  to  revision  of  national  (and  international)  standards. 

c)  Proof  of  concepts  for  new  interface  equipments. 

d)  Quick  response  to  analysis  of  problems  arising  in  service. 

Our  future  plans  are  currently  centred  on  the  ULDAS  store  which  will  provide  a  significant  increase  in  our  data  gathering 
capability  and  our  flexibility  of  response. 


Copyright  @Controller  HMSO  London  1988 
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HARRIER  TSC  &  YDC  WITH  2  STORES 


Fig  4a  Normal  Force  v  IAS 
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Fig  4b  Pitching  Moment  v  IAS 
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Fig  4c  Side  Force  v  IAS 
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Fig  4d  Yawing  Moment  v  IAS 
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Fig  4e  Axial  Force  v  IAS 


100  kts 


200  kts 


1 - 1 - 1 - 1 

ARA  tunnel  tests 


Fig  9q  Revision  of  Tornado  flight  trials  conditions 


Height 

ft 

IAS 

Kts 

Mach 

No 

Test  Conditions 

300 

Straight  and  level 

Steady  heading  side  slip 

Wind-up  turn  to  max  g/alpha 

All  test  conditions  repeated 

2000 

All  test  conditions  repeated 

450 

All  test  conditions  repeated 

500 

All  test  conditions  repeated 

550 

All  test  conditions  repeated 

All  test  conditions  repeated 

All  test  conditions  repeated 

All  test  conditions  repeated 

5000 

All  test  conditions  repeated 

All  test  conditions  repeated 

550 

All  test  conditions  repeated 

0.65 

All  test  conditions  repeated 

15000 

0.75 

All  test  conditions  repeated 

0.85 

All  test  conditions  repeated 

m 

0.90 

All  test  conditions  repeated 

0.65 

All  test  conditions  repeated 

25000 

0.75 

All  test  conditions  repeated 

0.85 

All  test  condi tiDns  repeated 

0.90 

All  test  conditions  repeated 

Figure  9b  Flight  Test  Conditions 
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1  Program  L 

■  Main  Processor  L 

Features: 

1  Memory  P 

m  (TMS 32020)  P 

12-bit  resolution 
256  Kwords  data  memory 
Fully  programable: 

♦  Number  of  channels 

♦  Channel  sequencing 

♦  Sample  rates 


Figure  21:  ULDAS  Data  Acquisition  and  Recording  System 
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Fig  22  Cross-section  of  aerostore  shapes  (centre  sections) 
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ABSTRACT 

The  Canadian  Government  has  embarked  on  a  program  with  Canadian  industry  to  manufacture  a  composite 
480  gallon  external  fuel  tank  (EFT)  designed  for  the  CF-18  aircraft  by  McDonnell  Aircraft  Company  (McAir).  Prior  to 
commencing  the  production  phase  of  the  program,  the  Aerospace  Engineering  Test  Establishment  (AETE)  of  the  Canadian 
Forces  (CF)  was  tasked  to  support  McAir  in  the  flight  test  certification  of  the  480  EFT  on  the  inboard  wing  stations  of  the 
CK-18.  The  main  objective  of  this  program  was  to  provide  a  proof  of  concept  flight  demonstration  as  well  as  establish  an 
o|>erat tonal  flight  envelope  for  the  carnage  and  jettison  of  the  480  EFT  with  and  without  adjacent  stores.  The  certification 
process  involved  a  progressive  series  of  analyses,  laboratory  tests,  wind  lunncl  tests,  ground  tests  and  flight  tests.  As  the 
CF  flight  test  authority,  AETE  was  responsible  for  conducting  all  flight  testing  activities  including  flutter,  active  oscillation 
control  (AOC),  structural  mode  interactions  (SMI),  stability  and  control,  structural  carriage  loads,  separation /jettison,  and 
dynamic  response  testing.  This  paper  presents  an  overview  of  the  joint  CF-18  480  EFT  stores  clearance  program  and  its 
main  emphasis  will  be  in  describing  the  analyses  and  tests  performed  during  the  ground  vibration  testing,  flutter,  AOC,  SMI 
and  carriage  loads  phases.  The  aircraft  instrumentation  and  the  qualification/ground  tests  performed  on  the  tanks  prior  to 
the  beginning  of  flight  test  activities  are  briefly  discussed.  Test  results  and  the  technical  problems  encountered  during  the 
program  are  also  presented. 


1.0  INTRODUCTION 

1.1  Background  In  order  to  attain  a  sufficient  war  slock  of  external  fuel  tanks  for  the  CF-18  aircraft,  the  Govern  lent  of 
Canada  established  a  follow-on  fuel  lank  acquisition  program.  The  options  included  buying  more  of  the  existing  330  lii.  '»d 
States  Gallon  External  Fuel  Tanks  (EFT)  or  buying  a  new  advanced  composite  material  480  EFT  developed  by  McDonnell 
Aircraft  Company  (McAir)  for  the  CF-18.  The  latter  option  was  selected  primarily  because  of  the  technological  benefits 
which  could  be  accrued  from  transferring  filament  wound  composite  technology  to  Canadian  industry.  As  a  secondary 
benefit,  the  480  EFT  had  the  potential  of  providing  increased  range  performance  and  payload  rapacity.  The  480  EFT 
cert ifiratron  program  on  the  CF-18  was  divided  into  two  distinct  phases  Phase  I  tasked  the  Aerospace  Engineering  Test 
Establishment  (AETE)  of  the  Canadian  Forces  (CP),  with  engineering  support  from  McAir.  to  conduct  a  limited  safe 
•  arriage  and  jettison  flight  test  program  (proof  of  concept  demonstration  program)  so  that  a  wartime  clearance  could  be 
issued  for  the  carriage  of  480  EFTs  on  the  CF-18  inboard  wing  pylon  stations.  In  addition,  a  Royal  Australian  Air  Force 
(RAAF)  requirement  to  clear  the  480  EFT  on  the  centreline  station  up  to  current  330  EFT  limits  was  also  integrated  into 
the  program  McAir  was  assigned  the  overall  responsibility  of  recommending  certification  of  the  480  EFT  on  the  CF-18. 
I  pon  successful  completion  of  Phase  1,  the  CF  and  Canadair  Incorporate  will  conduct  Phase  II  which  will  establish  a  full 
clearance  envelope  for  the  release/ firing  of  stores  and  asymmetric  carriage  of  stores  in  the  presence  of  the  480  EFT 

1.2  Tank  Description.  The  prototype  480  EFTs  are  presently  manufactured  by  the  Brunswick  Corporation,  under 
tout  fact  from  the  designer  McAir  The  tank  is  a  light  weight,  survivable  structure  fabricated  from  two  graphite  filament 
wound  shells  with  foam  filled  honeycomb  core  between  them.  Class  cloth  laminate  core  inserts  are  used  to  provide  frames 
Tor  attaching  graphite  strongbacks,  access  d<»ors  and  aircraft  interface  features.  The  tank  does  not  contain  baffles,  and  has 
Ix-rn  optimized  for  low  manufacturing  cost  and  ease  of  maintenance.  The  genera)  layout  of  the  480  EFT  is  shown  m  Figure 
1  while  Figure  2  compares  its  basic  geometry  to  the  330  EFT  presently  in  service.  The  tank  cannot  be  jettisoned  with  the 
aircraft  trailing  edge  flaps  fully  deflected  as  the  aft  cone  of  the  tank  would  impact  the  flaps.  Carriage  on  the  centreline 
pylon  requires  the  use  of  a  pylon  interface  adapter  to  allow  sufficient  clearance  for  safe  operation  of  the  landing  gear  The 
benefits  nf  the  480  over  the  330  EFT  include  increased  reliability,  improved  maintainability  and  valve  performance,  weight 
reduction,  and  lower  unit  and  life  eyrie  cost  To  expedite  the  certification  process,  the  prototype  tanks  were  equipped  with 
the  <an»r  fuel  system  components  as  the  330  tanks,  however,  the  production  tanks  will  l»e  fitted  with  a  modular  fuel  system 
of  improved  performance  which  is  presently  under  development. 

2.0  480  EFT  CERTIFICATION  PROCESS 

2.1  Methodology.  The  external  stores  clearance  plan  used  for  the  480  EFT  program  was  based  on  a  logical  progression  of 
laboratory  lesls.  engineering  analyses,  ground  tests,  and  flight  tests  The  met hodology  was  developed  and  used  successfully 
by  McAir  during  the  F-15  and  F/A-18  Full-Scale  Development  (FSD)  programs.  The  underlying  objective  was  to  clear  the 
180  EFT  with  the  minimum  number  of  test  points.  A  block  diagram  of  the  basic  clearance  process  is  shown  in  Figure  3  and 
each  of  the  major  areas  will  b**  briefly  discussed  below 

2.2  Qualification  Tests.  To  conform  to  the  procurement  specification,  the  1*0  EFT  was  subjected  to  a  que’iftcat ion 
lest  mg  program  performed  by  McAir  and  the  supplier.  The  program  consisted  of  a  series  of  laboratory  tests  to  •  »urc  that 
the  lank  design  could  satisfactorily  operate  under  all  possible  service  cnndil ions  The  tank  qualification  program  started  in 
late  December  1080  and  included  tests  in  the  following  areas,  maintainability.  lightning  strike,  catapult  loads,  slosh  and 
vibration,  ground  ejection,  burst  pressure,  flame  engulfmenl.  explosion  containment,  environmental  testing,  fragment 
impact,  arid  fit  and  function  checks 

2.3  Wind  Tunnel  Tests.  All  wind  tunnel  tests  were  funded  and  |>er formed  by  McAir  to  gather  the  aerodynamic 
coefficients  and  derivatives  required  for  the  analyses.  Transonic  performance  and  stability  and  control  data  were  obtained 
from  a  ti‘7  scale  model  test  conducted  m  the  (’ALSPAN  8-foot  wind  tunnel  laiw  speed,  power  approach  and  power 
approach  with  half  flap  configuration  stability  and  control  characteristics  were  evaluated  using  the  12pi  model  in  1  he  McAir 
Low  Speed  Wind  Tunnel  (LSWT).  Flutter  data  to  supjKirl  the  flutter  analysis  program  was  obtained  using  a  I7.5,fJ  scale 
model  in  the  McAir  LSWT.  Aerodynamic  loads  data  were  obtained  from  scale  model  tests  conducted  in  the  McAir 
Polysome  Wind  Tunnel  in  1984  Separation  and  jettison  trajectories  were  investigated  in  the  Naval  Ship  Research  and 
Development  (’enter  (NSRI)C)  wind  tunnel  Testing  included  several  combinations  of  Mach  number  and  angle-of-attark 
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2  4  Engineering  Analyses  Several  store  <  onftxuraiiou-  w»n  analyzed  however  only  I  hr  mo'l  critical  configurations  were 
•mIi  .  led  for  flight  test  evaluation  Analyses  were  jwrformed  based  on  computer  derived  studies  and  various  test  results,  to 
dritrnune  the  most  critical  configurations  and  to  establish  the  initial  flight  test  envelopes.  The  most  significant  analyses 
performed  by  McAir  included,  determination  of  the  stability  and  control  characteristics  of  the  CF-18  aircraft  with  various 
store  configurations;  a  six-degree-of-freedom  separation  analysis  of  the  480  EFT,  fuselage  mounted  AIM-7,  and  specified 
stores;  flutter  analyses  including  level,  climb,  and  dive  tank  altitudes  for  symmetric  and  antisymmetric  fuselage  boundary 
renditions;  and  carriage  and  dynamic  load  analyses  for  the  pylon  to  aircraft  interface  loads  and  the  wing  dynamic  response 
during  weapons  release. 

2.5  Ground  Tests  The  ground  tests  performed  prior  to  flight  testing  included  ground  vibration  tests  (ClVTs),  pylon  load 
calthral ions,  centreline  pylon  adapter  proof  test,  ground  fit  and  function  test,  and  electromagnetic  compatibility  safety  of 
flight  checks.  The  GVTs  were  performed  to  determine  liie  aircraft  dynamic  characteristics  for  correlation  with 
corresponding  analytical  predictions  and  validation  of  the  dynamic  math  model  prior  to  flutter  flight  testing  A  summary  of 
the  critical  GVT  configurations  is  shown  in  Figure  4  The  actual  GVTs  performed  are  described  in. Section  3.0  Two 
AETK  CF-18  instrumented  wing  pylons  were  delivered  to  McAir  where  additional  strain  gauge  bridges  were  installed.  The 
pylons  were  installed  in  a  loading  fixture  and  a  series  of  loads  including  load  combinations  were  applied.  The  resulting 
gauge  outputs  were  run  through  a  matrix  regression  solution  by  McAir  to  generate  the  pylon  to  wing  interface  load 
equations.  A  proof  load  lest  of  the  centreline  pylon  ad  pter  was  performed  by  McAir  to  1 15%  of  design  limit  load  to  gather 
reference  strain  levels  at  critical  locations  using  two  known  flight  loading  conditions.  As  the  centreline  pylon  adapter  was 
not  instrumented  with  load  bridges,  the  strain  levels  resulting  from  the  applied  loads  were  not  to  be  exceeded  during  flight 
testing  The  ground  fit  and  function  test  verified  480  EFT  loading  procedures,  clearances  to  adjacent  structure,  and  fuel 
transfer  capability. 

2.6  Flight  Tests  The  flight  lest  program  included  testing  in  flutter,  active  oscillation  control  (AOC),  structural  mode 
interaction  (SMI),  carriage  loads,  dynamic  response,  stability  and  control,  separation /jettison,  and  limited  performance 
testing  for  drag  index  measurements  The  first  four  activities  are  described  in  Section  4.0. 

3.0  GROUND  VIBRATION  TESTING 

3.1  Cantilevered  Pylon  GVT  This  GVT  was  performed  by  McAir  to  determine  the  liquid  fuel  correction  factors  as  a 
function  of  tank  fuel  level.  The  correction  factors  were  used  to  develop  a  dynamic  model  of  the  480  EFT  and  wing  pylon 
that  accurately  defines  its  modal  characteristics.  This  model  was  used  to  identify  the  configurations  to  be  tested  in  the  full 
(IV T  on  the  production  aircraft  Based  .  *t  the  results  of  the  full  aircraft  GVT,  the  dynamic  model  was  then  modified 
slightly  to  improve  its  correlation  with  the  measured  data  from  both  the  cantilevered  pylon  GVT  and  aircraft  GVT’  results. 
The  final  correlated  analytical  model  was  then  used  for  all  subsequent  flutter  studies  The  test  setup  consisted  of  a 
480  EFT  mounted  to  a  standard  F/A-18  wing  pylon  which  was  attached  to  a  rigid  test  fixture  in  the  same  manner  as 
normally  installed  on  the  aircraft  wing  Five  different  tank  fuel  levels  (empty  to  full)  were  tested.  Prior  to  tank 
installation.  mass  properties  of  the  empty  tank  were  measured  The  weight  of  the  tank  was  measured  by  suspending  the 
lank  from  two  load  cells,  and  the  center  of  gravity  location  was  determined  from  the  measured  reactions  at  the  load  cells 
'Hu*  mass  moments  of  inertia  were  obtained  by  the  torsional  pendulum  method. 

3.2  Production  Aircraft  GVT  The  full  aircraft  GVT  was  conducted  by  McAir  on  a  single  seat  production  aircraft  in 
Si  |,oui*.  Missouri  This  GVT  was  conducted  to  provide  vibration  data  to  validate  the  aircraft  and  480  EFT  analytical 
dynamic  model  used  to  perform  flutter  analyses  It  also  provided  baseline  data  for  comparison  with  vibration  mode 
frequencies  and  damping  coefficients  that  were  obtained  during  flutter  flight  testing.  The  three  GVT  configurations  tested 
(see  Figure  4)  were  selected  based  on  preliminary  flutter  analyses  conducted  with  liquid  correction  factors  correlated  to  the 
rani i levered  pylon  GVT  results.  The  aircraft  was  sup|M>rted  on  a  soft  jack  system  designed  to  dynamically  uncouple  the 
at n  raft  from  the  ground  (providing  aircraft  rigid  body  modes  at  frequencies  less  than  ‘2  II/)  The  aircraft  was  supplied  with 
hydraulic  ami  ejprtncaj  power  and  the  canopy  and  all  access  doors  were  closed.  To  ensure  all  control  surfaces  were  in  a 
neutral  position  the  Control  Augmentation  System  (CAS)  was  deactivated  by  selecting  the  flight  control  system  in  the 
'  RIG''  mode  To  ensure  wing  symmetry  for  flutter  testing,  the  pylons  stores  were  rigged  to  minimize  freeplay  This 
consisted  of  tightening  the  pylon  sway  hrace  pads,  pre-loading  the  tank  aft  tie.  lorqinng  ihe  pre-load  post  and  shimming  the 
pylon  aft  altarhrnent  (see  Figure  5)  to  ensure  that  maximum  mechanical  energy  wax  transmitted  through  ihe  interfaces. 
The  symmetry  of  the  store  rigging  was  verified  by  comparing  the  store  pitch,  yaw’  and  roll  mode  resonant  frequencies  on 
both  sides  of  the  aircraft,  using  dwell  excitation  The  values  obtained  were  different  and  adjustments  were  made  to  obtain 
acceptable  limits  of  dynamic  symmetry 

Two  electrodynamic  exciters  were  used  throughout  the  testing  to  excite  all  wing,  fuselage  ami  store  modes  of  interest 
Symmetric  and  antisymmetric  frequency  response  surveys  were  conducted  to  obtain  transfer  function  plots  (see  Figure  6)  for 
various  locations  A  sine  sweep  excitation  ranging  logarithmically  from  1  to  25  Hz  at  constant  excitation  force  was  used  to 
obtain  the  plots  Modal  frequencies  were  identified  from  these  plots  and  then  each  mode  was  manually  tuned  and  force 
input 'linearit  ies  were  measured  for  all  the  modes.  Modal  damping  values  were  obtained  using  the  log-decrement  method  on 
single  mode  decay  time  histories  captured  on  the  HP  5-15 1C*  Analyzer.  The  mode  shapes  were  then  mapped  using  the 
multi-mode  sinusoidal  excitation  technique.  Different  frequency  oscillators  were  set  to  the  medal  frequency  of  interest  and 
ihe  exciting  signals  summed  This  combined  signal  wax  amplified  to  drive  the  shakers.  Using  this  technique  up  to  three 
modes  were  simultaneously  mapped,  and  the  structure  responded  in  the  discrete  modes  corresponding  to  thp  input  modal 
frequency.  Approximately  150  mapping  stations  were  used  during  mode  mapping. 

3.3  SMI  GVT  The  SMI  GVT  check  was  conducted  in  conjunction  with  the  production  aircraft  GVT  to  verify  lb .4  low 
frequency  tank  modes  do  not  couple  with  the  flight  control  system  to  produce  an  unacceptable  dynamic  response  in  the 
aircraft  The  SMI  setup  consisted  of  exciters  attached  laterally  on  the  tanks  with  accelerometers  attached  to  the  ailerons, 
wmgs.  stores,  and  fuselage  at  the  slick  potation  and  the  flight  control  feedback  accelerometer  package  The  centreline 
carriage  configuration  SMI  was  performed  with  the  aircraft  landing  gear  extended  on  soft  tires  (tire  pressure  reduced  to  50% 
of  nominal).  The  test  procedure  consisted  of  sinusoidal  sweeps  ihrough  the  tank  mode  frequency  ranges  (2  5  to  4.0  Hz  for 
wing  carnage  configuration  and  1.0  to  6.0  Hz  for  centreline  rarnage)  using  maximum  force  lateral  excitation  on  the  tanks, 
followed  by  a  dwell  at  the  antisymmetric  roll  frequency  During  the  dwell  an  operator  in  the  cockpit  positioned  and  held 
the  control  stick  in  each  of  the  four  stick  quadrants  while  data  were  recorded.  For  some  of  these  conditions  the  input 
excitation  force  was  suddenly  removed  and  the  decay  lime  trace  was  recorded  to  investigate  any  sustained  oscillation  of  the 
control  surfaces  SMI  was  investigated  in  all  possible  flap  positions. 
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3  4  Rigging  Check  GVT  Rfgi'Jnf  check  C  V Ts  were  performed  ar  \£T£  TP  cnsurt  proper  n  -s**Mati»ii  and  rigging  of 
ao.  i .* ii  -i.»re-'  prior  to  flutter  testing  The  c|n-«  k-  were  IiiiiiimI  to  tin-  iw<.  most  crtiMul  flutter  •  ouhgurat  tons  anti  onl>  to 
iIhm'  modes  having  a  significant  contribution  to  the  flutter  mechanism.  as  predicted  by  analysis  I  he  lest  setup  and 
pfm  edit  re  was  similar  to  that  used  in  the  pr«Klurtiofi  aircraft  (iVT  Since  AE  Th  did  not  hate  a  soft  jack  susfiension 
system.  the  (IVT  was  carried  out  with  landing  gears  extended  on  soft  tires  Although  the  suspension  systems  for  tests  were 
different,  previous  testing  had  shown  that  both  systems  yield  virtually  identical  results  As  with  previous  (j\Ts,  free  play 
was  minimized  to  achieve  dynamic  similarity  on  both  sides  of  the  aircraft.  Linearity  checks  were  also  p<  r formed  for  the 
most  significant  modes.  Transfer  function  plots  were  gathered  at  selected  locations  on  the  aircraft  and  finally  the  modes  of 
interest  were  partially  mapped  by  manually  recording  response  amplitude  and  phase  relative  to  a  reference  location  on  the 
structure. 

4.0  FLIGHT  TESTING 

4.1  Aircraft  Instrumentation.  ABTE’s  two  instrumented  CF-188  aircraft,  CF-188701  (single-seat)  and  CF-188907 
(two-seal)  were  used  during  the  flight  test  program.  These  aircraft  have  identical  data  acquisition  systems,  capable  of 
acquiring  data  from  the  avionics  multiplex  (mux)  buses  and  from  other  sources  (see  Figure  7).  The  current  system  provides 
a  61 -channel  analogue  data  acquisition  capability.  Data  from  the  analogue  signal  conditioners  along  with  selected  data 
from  direct  analog  and  digital  inputs,  mux  buses  via  the  Data  Bus  Interface  Unit  (DB1U),  time  rode  generator  and  the 
Flutter  Exciter  Control  Unit  (FECI )  are  encoded  into  a  pulse  code  modulation  (PCM)  formal  by  a  programmmable  Data 
Acquisition  System  and  stored  on  the  onboard  MARS  2000  tape  recorder.  IR1CI-B  formal  time  code,  pilot  voice  and  direct 
analogue  data  are  also  recorded.  An  L-band,  frequency  modulated  transmitter  radiating  four  watts  total  power  from  a  pair 
of  antennae  is  used  to  telemeter  PCM  data  to  the  Flight  Test  Control  Room  (FTCR)  for  recording  and  real-time 
monitoring  (see  Figure  8).  To  enhance  flutter  testing  part  of  the  standard  instrumentation  consists  of  wing  stain  gauges 
which  were  installed  by  Me  Air  during  production  assembly.  These  gauges  are  sensitive  to  either  wing  bending  or  wing 
torsion  inodes.  The  gauges  are  installed  at  three  different  spanwise  locations  to  allow  identification  of  the  overall  wing 
mol  ion  by  comparing  gauge  output  magnitudes.  Pylon/store  motion  is  determined  by  using  lateral  and  vertical 
accelerometer  signals. 

Additional  measurands  required  for  specific  flight  test  activities  on  CF-188907  included  the  following  instrumentation: 
forward  and  aft  wing  tip  and  wing  fold  accelerometers;  center  of  gravity  vertical  accelerometer;  pilot  seat  lateral 
accelerometer;  radar  bulkhead  vertical  and  lateral  accelerometers;  nine  strain  gauge  channels  for  the  two  loads  calibrated 
pylons,  the  flutter  exciter  control  unit  (FECU),  and  the  vertical  and  lateral  accelerometers  mounted  on  inboard  and 
outboard  stores  on  both  sides  of  the  aircraft  Additional  instrumentation  required  for  flutter  testing  consisted  of  the  added 
accelerometers  and  a  series  of  strain  gauges  bonded  internally  to  the  wing  structure  and  pylon.  Aileron  motion  sensors  were 
also  used  to  provide  (he  wing  excitation  input  signal.  The  calibrated  pylon  strain  gauge  installation  enabled  real-time 
measurements  of  pylon  aft  attach  vertical  and  side  loads,  pylon  post  preload,  pylon  hook  vertical  load,  pylon  post  roll 
moment,  and  aft  tie  fuse  load. 

The  instrumentation  on  CF-188701  was  less  extensive  than  on  CF-188907.  The  aircraft  was  configured  with  an 
aircraft  centre  of  gravity  accelerometer  and  approximately  30  strain  gauges  for  in-flight  strain  monitoring  at  designated 
iritn  al  locations  in  the  centreline  pylon,  centreline  pylon  adapter,  the  left-hand  outboard  upper  longeron,  and  the  centreline 
pylon  aft  attachment  fuse.  Figure  9  shows  a  typical  strain  gauge  installation  on  the  centreline  pylon  critical  area 

The  FECU  can  be  installed  in  either  aircraft  in  place  of  the  left  hand  digital  display  indicator  (see  Figure  10).  It 
sends  signals  to  the  flight  control  computers  which  then  send  corresponding  commands  to  the  ailerons.  Various  modes  of 
aileron  excitation  are  available  including  sinusoidal  sweep  (from  one  frequency  to  another),  dwell  (at  one  frequency  for  a 
given  lime)  and  random  (pseudo  random  noise  within  a  selected  frequency  band).  The  FECU  also  has  built-in  safety 
features  which  allow  shut  down  of  the  control  surface  excitation  from  the  panel  “run  about”  switch,  control  column  paddle 
swih  h  or  anytime  the  aircraft  exceeds  a  roll  rale  greater  than  20  deg  sec.  or  a  normal  acceleration  greater  than  2  Og  or 
smaller  than  0g.  The  FECU  ran  be  pre-programmed  using  up  to  la  different  set-ups  The  FECU  control  display  can  be 
reproduced  on  a  monitor  in  the  ground  station  allowing  verification  of  program  entry  during  testing. 

4.2  Flight  Test  Control  Room  (FTCR)  For  flight  safety  most  of  the  flight  test  missions  were  monitored  in  real-time  in 
the  FTCR  at  NET K  The  FTCR  processed  raw  telemetered  PCM  data  from  the  aircraft  to  produce  real-time  data  displays, 
un  hiding  two  large  television  screens  for  parameter  display  (using  up  to  five  different  page  formats),  five  six-channel  strip 
<  hart  recorders,  a  ten  module  engineering  display  of  critical  flight  parameters,  a  six  parameter  status  alarm  display,  a  binary 
light  display.  IRIG-B  lime  display,  and  a  flutter  analysis  workstation  comprising  a  fast  fourier  analyser  for  t:«ar  real-time 
spectral  analysis,  four  lis-ajous  scojies.  and  a  display  for  monitoring  the  aircraft  FECU  parameters.  The  FTCR  also  has 
I  lie  lapabilitv  to  perform  post-flight  data  tape  editing  and  reformatting  of  aircraft  data  tapes  to  compatible  computer  tapes 
The  FTCR  lias  a  32-channel  digital  communication  system  which  provides  each  operator  with  capability  to  transmit/ receive 
on  any  air-grniimJ-air  communication  with  the  lest  vehicle  via  one  of  two  UHF  transceivers  All  operator  positions  have  a 
sc|ft  table  Mot  Mike"  capability,  as  well  is  a  momentary  “Master  Override”  which  disables  all  communications  on  every 
mirrcoiii  except  the  individual  who  has  selected  the  override. 

4.3  Risk  Assessment  AETKs  flight  testing  policy  is  to  ensure  safety  of  flight  during  all  phases  of  the  flight  test  program 
while  << trnlurling  flight  Jest  activities  in  the  most  efficient  manner  T«>  ensure  adherence  to  this  policy  AE1E  has  an 
internal  mechanism  by  which  flight  testing  is  carefully  reviewed  and  risk  factors  assigned  accordingly.  Risk  assessment 
factors  consist  of  both  the  probability  of  an  occurrence  and  the  consequent  damage  I  he  probability  of  flight  safety 
occurrences  is  expressed  in  terms  of  no,  low.  medium  or  high  risk  while  the  consequent  damage  is  classified  m  categories 
from  V  to  "!)'  The  first  category  being  the  loss  of  an  aircraft  and  the  latter  being  damage  that  can  be  repaired  within 
A E T E  resources  Figure  II  shows  the  risk  assessment  factors  as  assigned  by  AEIE  for  the  different  180  El-  I  flight  test 
program  activities. 

4.4  Critical  Test  Configurations  Since  it  would  be  impractical  to  flight  lest  all  store  configurations,  efficient  flight 
testing  die -talc’s  that  a  judicious  selection  has  to  lie  made  Bases!  on  the  analyses  and  different  laboratory  test  results  a 
select  ion  can  l>e  made  and  generally  flight  testing  is  limited  to  one  or  two  critical  configurations  for  each  of  the  flight  test 
activities  Figure  12  shows  the  configurations  flight  tested  during  this  program.  These  configurations  were  determined  to 
be  the  most  critical  during  the  (IVT  and  analysis  phases  of  the  store  clearance  program 
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4.5  Flutter  Fl>ght  Testing  ( h«-  on.  'In*  irsfirui  w.i-  to  *«-r.K  ihri.iigh  >  vt rapt *lat urn  of  flight  test  data  and  correlation 
with  analyses  thai  the  allowable  carriage  envelope  of  the  CF-18  f*»r  the  trilnal  configurations  is  flutter  free  up  to  I  15  times 
limit  speed,  and  as  long  as  there  is  unequivocal  indication  of  positive  damping.  Flutter  flight  testing  basically  consisted  of 
monitoring  modal  damping  trends  and  frequency  coalescence  of  the  different  modes  involved  in  the  flutter  mechanism,  with 
increasing  dynamic  pressure  Classical  Gutter  will  occur  when  two  mode  frequencies  coalesce  as  dynamic  pressure  is 
increased  and  when  ai  least  one  of  these  two  modes  becomes  unstable  (damping  decreases  to  zero)  as  dynamic  pressure  is 
increased  Flutter  onset  will  occur  at  the  speed  where  these  two  conditions  are  satisfied.  Because  of  the  destructive  nature 
of  flutter,  it  is  necessary  that  flight  test  data  be  acquired  at  subcritical  speeds 

Flutter  flight  testing  was  conducted  over  a  range  of  altitudes  and  airspeeds  using  the  FECU  system  to  provide  inflight 
aileron  excitation  Stick  raps  were  employed  when  the  FECI'  could  not  be  used  because  of  normal  *'-celeralion  limits. 
Sinusoidal  sweeps  and  single  frequency  dwells  were  used  at  each  test  condition.  In  general,  the  FECU  .as  initially  set  in 
the  sweep  mode  to  determine  resonant  frequencies.  Using  the  results  from  the'sine  sweep  spectral  analysis,  sine  dwells  at 
and  near  these  frequencies  were  then  performed  to  obtain  damping  values.  Figure  13  shows  both  types  of  excitation  and 
corresponding  wing  responses.  The  frequency  and  damping  values  were  subsequently  used  to  predict  flutter  margins  After 
establishing  the  damping  data  and  flutter  margin,  flight  tests  were  performed  using  a  build-up  technique  (increasing 
dynamic  pressures)  to  verify  the  predicted  flutter  free  flight  The  test  points  were  divided  into  distinct  dynamic  pressure 
groups  as  shown  in  Figure  14  which  is  a  typical  test  matrix  flown  during  this  phase.  Each  successive  group  represents  a 
higher  dynamic  pressure  zone;  therefore,  to  ensure  flight  safety,  data  was  analyzed  between  each  group  to  verify  that  flutter 
would  not  be  encountered  in  the  next  group 

Depending  upon  the  configuration  and  the  flutter  mechanism  involved,  symmetric  or  antisymmetric  excitations  were 
used  at  different  tank  fuel  states  and  aircraft  attitudes  to  excite  the  modes  of  interest.  In  addition,  different  wing  loading 
conditions  were  conducted  to  determine  the  sensitivity  of  the  flutter  mechanism  to  wing  loading  The  last  test  points 
consisted  of  a  series  of  dives  performed  at  maximum  velocity  from  30K  to  5K  mean  sea  level  (MSL)  w  ith  one  second  dwell 
.  xcitations  at  selected  altitudes  to  demonstrate  flutter  free  operations  Each  flutter  flight  followed  the  same  basic 
procedures.  Prior  to  take-off  the  test  pilot  would  verify  onboard  data  system  operations  and  FECI'  programming.  Shortly 
after  take-off.  emergency  FECU  shut  down  procedures  were  verified  at  safe  flight  conditions.  Following  clearance  from  the 
flight  test  controller  the  test  pilot  proceeded  to  the  required  test  points. 

Real-time  monitoring  of  key  parameters  was  performed  on  strip  charts  and  lissajous  displays.  Review  of  near 
real-time  transmissibility  plots  (T-plots)  was  performed  as  sine  sweeps  were  completed  and  review  of  the  decay  trace  was 
performed  during  dwell  excitations.  Post-flight  activities  included  review  of  strip  charts,  generation  of  T-plots,  power 
spectral  density  plots  and  flight  condition  data,  and  tabulation  of  modal  frequency  and  damping  flutter  parameters. 

4.6  Active  Oscillation  Control  (AOC)  Testing  The  F/A-18  aircraft  encounters  a  limit  cycle  5  G  Hz  oscillation  during 
high  sjx*ed.  low  altitude  flights  when  configured  with  heavy  outboard  stores  with  high  pitch  inertias  and  wing  tip  missiles 
on  Unlike  flutter,  the  limit  cycle  oscillation  (LCO)  does  not  go  unstable  but  results  in  severe  lateral  acceleration  levels  m 
the  cockpit  that  hamper  pilot  effectiveness  during  weapons  delivery  This  phenomenon  is  because  of  a  complex  interaction 
thai  excites  the  antisymmetric  outboard  store  pitch  mode  It  is  characterized  by  wing  bending  and  torsional  motion  which 
couples  with  the  fuselage  to  produce  lateral  fuselage  bending,  and  is  aggravated  slightly  by  the  carnage  of  heavy  inlioard 
stofes.  with  the  current  worst  being  the  carriage  of  330  EFTs.  The  LCO  is  presently  suppressed  to  an  acceptable  level  by 
the  \OC  system  that  is  implemented  in  the  flight  control  system  The  AOC  system  is  automatical ly  activated  when  the 
aircraft  is  flying  above  0.82  Mach  or  below  9K  feet  MSL  when  carrying  heavy  outboard  stores  and  AIM-9  wing  tip  missiles 
As  this  oscillation  is  not  predicted  analytically,  flight  testing  was  conducted  with  480  EFTs  to  verify  the  AOC' system 
adequately  controls  the  oscillation.  AOC  testing  was  conducted  for  the  configuration  shown  in  Figure  12  with  full.  half,  and 
empty  tank  fuel  states  Flight  testing  was  also  performed  with  the  AOC  system  deactivated  under  similar  flight  conditions 
so  that  a  direct  system  effectiveness  assessment  could  be  made  A  minor  modification  to  the  flight  control  computer  wiring 
was  required  to  disable  the  AOC  system  inflight 

The  AOC  test  matrix  is  presented  in  Figure  15  The  test  technique  basically  consisted  of  flying  symmetric 
manoeuvre*  under  increasing  normal  acceleration  and  Mach  number  while  simultaneously  exciting  the  structure  with  lateral 
stick  raps  The  lateral  acceleration  levels  at  the  pilot  seat  were  monitored  and  a  value  of  0.15  g  was  established  as  a  soft 
limit  above  which  testing  would  be  stopped  On  completion  of  the  test  matrix,  simulated  weapon  delivery  manoeuvres  using 
20  to  35  degree  dive  angles  at  maximum  velocity  were  performed  to  demonstrate  the  AOC  system  effectiveness  The  AOC.’ 
flight  testing  procedures  followed  the  same  format  as  for  flutter  except  that  (he  FECU  was  not  used  and  real-time  data 
processing  was  limited  to  strip  chart  monitoring. 

4.7  Structural  Mode  Interaction  (SMI)  Testing.  Although  previous  flight  test  experiences  with  similar  store 
configurations  havr  shown  that  no  SMI  coupling  was  likely  to  occur  during  flight,  demonstration  of  an  SMI  free  aircraft  was 
still  required  SMI  tests  consisted  of  both  taxi  and  flight  tests,  with  the  high  speed  taxi  runs  commencing  first  Taxi  runs 
were  conducted  al  speeds  approaching  the  take-off  speed.  Flight  testing  was  carried  out  during  take-off  and  climb-out  at  a 
number  of  low  speed  and  altitude  conditions.  Other  flight  lest  points  were  integrated  within  the  flutter  test  matrix 
Aircraft  flutter  configuration  l  was  flight  tested  as  it  was  the  most  critical  for  SMI. 

Taxi  runs  were  performed  with  full  480  EFTs  and  half  flaps  selected  The  frst  taxi  run  was  performed  to  a  speed  of 
125  knols  on  a  smooth  runway  while  the  second  was  performed  to  speeds  up  to  100  knots  on  a  rough  runway  in  attempt  to 
induce  structural  mode  coupling  with  the  flight  control  system-  During  these  runs  the  control  stick  was  rigidly  held  in  the 
aft  right  and  forward  left  quadrants  respectively  for  5  to  10  seconds  to  see  if  an  oscillation  would  build-up  Flight  tests 
consisted  of  exciting  the  aircraft  structure  with  lateral  and  longitudinal  stick  raps  while  monitoring  the  aircraft  and  flight 
control  surface  response.  The  stick  raps  were  induced  at  regular  intervals  during  take-off  and  climb-oul  to  20K  feet  in 
military  power  and  during  steady-stale  wing  level  conditions  al  10K  feet  MSL.  Mach  0.60  and  20K  feet  MSL,  Mach  0.80. 

4.8  Loads  Flight  Testing.  The  overall  objective  of  *his  testing  was  to  acquire  flight  test  data  to  identify  the  safe  carriage 
envelope  of  selected  CF-I8  480  EFT  configurations  To  expedite  the  480  EFT  stores  clearance  program,  flight  testin  ’  was 
conducted  using  both  CF-J 88701  and  CF-1 88907.  The  aircraft  configurations  selected  for  testing  is  shown  in  Figure  12  In 
general,  the  lest  flights  consisted  of  performing  standard  manoeuvres  which  were  known  from  previous  flight  testing  and 
analyses  to  induce  critical  loading  of  the  pylon  to  aircraft  attachments  These  manoeuvres,  as  defined  in  Reference  1. 
included  steady  slate  pull-ups  (SSPUs).  wind-up  turns  (WUTs).  steady  slate  push  downs  (SSPDs).  1  g  360  degree  ..ills, 
-I  g  180  degree  rolls,  rudder  kicks  (RKs).  and  roiling  pull-outs  (RPOs) 

For  flight  safety  considerations,  loads  and  stability  and  control  (SAC)  test  points  on  CF-188701  were  integrated  into 
one  lest  matrix  because  some  SAC’  test  points  were  considered  load  critical  and  similarly  some  loads  test  points,  for 
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ejU'T  pIr  the  HPO$  n*ede<1  S.9«  clearance  i-rior  t<>  . . .  All  i «si « on  Gl  -l"’'7(|l  «-<s  r <>ndu>  i 'Mill  empty  wing 

/■'• )  I  .ink*'  a>  1  hi-  w  a*- 1  h«- ■  iiilv  i « if  *  fi  is  nr«tl  hiii  i  l«*;«rr*<l  Hi  the  linn  lr-l  I  w « >  inei  h*  ul-  t  raj«i  lory  an  •l'**l>  and  » ulibraied 

-t r:«i it  gauge".  were  used  t<*  determine  the  cent refine  loads  > >11  t  F-I8870I  Trajectory  analysis  imolvcd  using  incusiircd 
•  uri  r;«  ft  /light  pat  It  |  .iriiriKti-r*-  ami  previously  derived  wind  tunnel  data  in  a  computer  model  which  calculated  inertial  and 
h«tik1\  lutihic  fortes,  ami  then  solved  for  the  pylon  attachment  !■  •■*ds  The  jinvlidjuii  process  is  shown  schematically  mi 
Figure  Hi.  This  technique  required  a  considerable  amount  of  post -flight  data  processing  dm  to  the  large  imiiiiIht  of  lime 
-lues  within  a  manoeuvre  After  reviewing  the  data  predicting  the  loads  after  each  nnssmn,  tlearaiue  was  given  ti 
proceed  to  the  next  test  (Hunt  The  second  method  invt  ed  using  centreline  adapter  strain  gauges  which  were  installed  and 
» •tlihrait'd  in  a  test  rig  by  McAir  using  the  maximum  loads  that  were  anticipated  with  a  330  EF1  during  worst  rase 
manoeuvres  After  calibrating  the  gauges,  plots  of  strain  versus  load  were  provided.  Confidence  using  ihis  method  was 
relatively  low  because  of  the  limited  instrumentation  used  in  the  correlation 

The  loads  test  matrix  for  <T'-I88701.  illust rated  m  Figure  17.  used  a  build-up  technique  based  on  both  progression  in 
dynamic  pressure  and  criticality  of  the  manoeuvre.  Testing  usually  started  with  SS|M  manoeuvres  h  ading  to  high  normal 
accelerations  (Nz)  with  no  sideslip  and  finished  with  RPO  manoeuvres  generating  high  Nz  with  large  amounts  of  sideslip 
’Festing  included  a  number  ot  different  tank  fuel  slates  from  empty  to  full  however,  some  manoeuvres  were  restricted  m 
terms  of  tank  fuel  quantity  and  pilot  control  input,  because  the  design  load  envelope,  according  to  initial  aualysi-.  would 
have  lieen  exceeded.  Strain  gauges  at  designated  instrumented  locations  on  the  centreline  pylon  were  also  measured  and 
monitored  in  real-time  to  ensure  design  limits  as  predicted  by  McAir  were  not  exceeded 

With  the  special  in  trumentation  described  in  Section  4  ),  ('F-J88907  was  used  to  measure  real-time  pylon  to  wing 
interface  loads  with  its  fully  instrumented,  calibrated  wing  pylon  Symmetric  am  1  asymmetric  manoeuvres  that  were 
considered  non-departure  critical  were  performed  first  Asymmetric  manoeuvres  m  critical  departure  regions  of  the  flight 
envelope  were  conducted  after  S»VC  flight  test  clearance  The  test  matrix  for  CF-  188907  testing  was  similar  to  that  of 

<  F- 1887ft | .  however,  testing  was  not  limited  to  the  initial  flight  test  envelo|>e  as  determined  by  pre-flight  analyses  Since 
real-time  monitoring  of  pylon  loads  was  available  a  more  practical  approach  was  used  which  allowed  envelope  expansion 
during  testing 

For  example,  when  the  aircraft  normal  acceleration  (g)  was  limited  to  4.0g  for  a  given  manoeuvre,  flight  condition, 
ami  fuel  lank  slate,  the  first  test  point  would  start  at  4  Og  followed  by  envelope  expansion  test  points  performed  above  1  Og 
by  increments  of  Hag  until  one  of  the  pylon  interface  design  loads  was  achieved  or  would  have  been  exceeded  at  the  next 
g  ihiremetil.  The  pv  fon  aft  attach  /o..ds  were  normally  the  limiting  factor  because  of  the  design  limit  load  being  a  function 
of  a  combination  of  aft  side  and  vertical  loads.  A  similar  build-up  technique  was  used  for  asymmetric  manoeuvres,  however, 
not  mily  was  there  a  build-up  in  g  but  also  iri  the  amount  of  control  input.  For  example,  at  a  given  lest  condition  with  an 
empty  centreline  KFT.  a  I  Og  manoeuvre  would  be  |K*rf«>riued  ami  followed  by  a  (>0g.  both  with  half  control  input 
'■'ubsequetilly.  the  lest  |h>ihi-  wen*  (H*r  formed  at  the*  exact  same  te-t  condition  with  f he  same  g  build-up  except  using  a  full 
innirit )  nipui  Thr  progression  of  test  (Hunts  was  contingent  on  the  magnitude  of  i  he  measured  load 

5.0  TEST  RESULTS  AND  DISCUSSION 

5.1  Qualification  Tests  The  qualification  test  program  v  as  successfully  « ompleled  in  September  1987  with  the  prototype 
tank  meeting  or  exceeding  all  the  design  requirements  From  a  strength  point  of  view,  the  tank  structure  is  slightly 
over -designed,  however,  the  harsh  survivability  requirements  were  found  to  be  (he  overriding  design  factor s 

5.2  Ground  Tests  Ml  ground  tests  were  performed  successfully  although  some  problems  were  id  ntified  with  regard  to 

<  let  t  roMiagtieln  interference  (EMI)  Nevertheless,  rorrerlivp  measures  were  identified  ami  will  !«•  implemented  in  the  final 
design  The  fit  and  finietion  test  demonst ra. ed  that  the  480  KFT  functioned  as  expected  on  all  carriage  stations  The 
minimum  clearance  requirements  as  specified  w  Reference  1?  were  achiever)  with  the  480  EFTs  on  the  wing  si  at  ions, 
however,  when  installed  on  the  centreline  station  the  clearances  required  between  the  tank  and  both  the  nose  landing  gear 
and  ground  were  not  quite  met  A  waiver  was  granted  as  these  violations  were  deemed  as  not  being  major  safety  or 
•  apafuhty  concerns  The  fit  am)  function  also  proved  that  loading  the  480  KFT  on  the  centreline  position  was  considerably 
more  difficult  than  with  the  3110  KFT.  therefore,  a  new  loading  procedure  was  developed. 

5.3  Ground  Vibration  Tests  The  cantilevered  pylon  CJVT  provided  vibration  data  required  to  develop  a  good  analy  tical 
dynamic  model  of  the  pylon  and  tank  installation  The  natural  frequency  and  modi  shape  plots  of  the  primary  tank 
vibration  modes  obtained  from  the  resulting  NASTRAN  vibration  model  correlated  very  well  with  the  measured 
i  ant  dev  ered  pylon  tiVT  This  provided  a  g<n»d  analytical  tool  for  performing  the  flutter  analyses:  however,  some  anomalies 
with  partial  tank  fuel  states  were  encountered  during  actual  flutter  testing  (see  Section  5  4) 

Figure  1  *>  compares  the  resonant  frequencies  for  the  mode**  found  from  analysts,  the  production  aircraft  (»VT  and 
rigging  i  her  k  (»YT  with  the  air<  raft  configured  w**h  wing  tip  missiles  off,  MK-82  bombs  outboard  and  full  480  EFTs 
inboard  The  frequency  and  mode  shape  results  show  relatively  good  correlation  am)  are  consistent  with  the  level  of 
agreement  achieved  in  other  iesl  programs  The  test  results  for  the  other  two  aircraft  t’V'T  configurations  shower!  even 
better  correlation  with  analytical  predictions  The  differences  in  results  were  attributed  to  freeplay  in  the  physical  system 
and  toiipling  tu* tween  some  closely  spacer)  modes  Of  significant  interest  was  the  identification  of  an  antisymmetric  mode  at 
7  tfi  Hr  which  was  identified  during  the  rigging  check  tJVT  The  mode  was  not  found  by  analysts  nor  during  (he  production 
aircraft  <l\  I*  This  mode  resembled  wing  first  antisymmetric  bending  /node,  however,  with  reverse  relative  phasing  between 
tank  pilch  and  fuselage  lateral  motion  This  phenomenon  is  "till  under  investigation  by  McAir  A  possible  rausc  con'd  be 
th»*  result  of  modal  interferences  of  the  structure  elastic  modes  with  the  soft  tire  sus[#*nsion  system  In  summary  the 
produrlton  airr  raft  GVT  results,  as  verified  by  the  rigging  check  <»V'I\  indicated  that  the  analytical  vibration  model  of  the 
aircraft  and  180  EFT  was  suitable  for  use  in  flutter  analyses. 

No  instabilities,  sustained  oscillations,  or  unacceptable  dynatnir  response  of  the  flight  control  system  were  encountered 
during  any  of  the  SMI  GVT  testing 

5.4  Flutter/ AOC/SMI  Flight  Tests  Based  on  preliminary  flutter  analyses,  the  critical  external  tank  fuel  state  for  flutter 
testing  for  both  aircraft  configurations  was  predicted  to  be  w.^h  full  fuel.  Flutter  flight  testing  of  configuration  1  validated 
this  prediction  and  the  test  results  correlated  well  with  the  analytical  results  The  stability  of  this  configuration  was  further 
verified  by  testing  out  to  maximum  speed  at  400(3  feel  and  demonstration  dives  out,  to  the  allowable  flight  limits,  with 
adequate  damping  values  being  exhibited  in  all  cases  However,  during  configuration  2  flutter  testing  with  50%  full  external 
fuel  tanks  the  damping  ratio  was  found  to  be  lower  than  previously  measured  with  full  tanks  A  near  flutter  onset  condition 
was  observed  at  4000  feet  pressure  altitude  at  0.92  Mach  during  an  8  5  Hz  dwell  excitation  Real-time  monitoring  of  wmg 
gauge  outputs  indicated  a  significant  reduction  tn  damping  resulting  in  the  test  point  being  aborted  The  flutter  mechanism 
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apf*-ared  to  King  fir- 1  bending  and  tu-Jage  fn-i  laier.,|  bending  iikhU--  In  tin-  «  a-«-  fin  prediction  of  a  l»>w  flutter 

•speed  for  the  full  lank  was  nm  verified  by  flight  lesl  re- tills  This  has  rr-iilled  in  a  <  arriagi  -|»  ril  Inmialion  as  a  function 
tlf  externa)  lank  fuel  quantity  for  this  configuration.  Kigure  19  shows  typual  time  traces  of  an  event  in  which  the  damping 
ratio  was  estimated  to  be  1.15%. 

Flutter  flight  testing  was  plagued  with  several  broken  latches  on  the  engine  access  door  underneath  the  aircraft. 
Typically  each  flutter  mission  resulted  in  at  least  two  broken  latches.  This  indicated  the  presence  of  a  high  level  of 
turbulence  underneath  the  aircraft  in  this  configuration  Early  morning  flights  were  conducted  to  avoid  atmospheric 
turbulence  and  ease  real-time  signal  analysis  on  the  strip  charts  Only  one  mission  was  aborted  during  the  entire  flutter 
program  because  of  unacceptable  levels  of  turbulence.  The  use  of  in-flight  refuelling  early  in  the  flutter  program  expedited 
testing,  particularly  for  the  test  points  requiring  high  drag  configurations  where  a  minimum  of  5(XX)  lbs  internal  fuel  was 
required. 

For  most  flights  the  AO C  system  was  found  to  be  effective  in  reducing  the  5  6  Hz  lateral  oscillation  levels  in  the 
cockpit.  However,  high  5.6  Hz  oscillation  levels  were  found  lo  occur  with  50%  full  external  fuel  tanks  at  high  speed  and  low 
altitude.  This  will  result  in  a  carriage  speed  limitation  for  this  critical  configuration. 

All  SMI  laxi/flight  tests  were  complete!  neventfully.  and  the  final  test  results  showed  that  no  SMI  will  occur  for 
480  EFT  carriage  on  the  CF-18,  as  originally  predicted  by  analysis. 

5.5  Loads  Flight  Tests.  A  total  of  18  flights  were  performed  during  centreline  and  wing  loads  480  EFT  carriage  flight 
testing  (9  flights  each)  The  loads  testing  program  was  marred  by  several  problems  which  will  be  discussed  in  the  following 
paragraphs. 

During  the  first  centreline  loads  flight  on  CK-I8870I  the  centreline  adapter  strain  outputs  were  only  producing  10%  or 
th«ir  anticipated  values.  The  strains  should  have  ranged  from  4000  to  6000  microstrain,  therefore,  the  assumption  was  that 
the  onboard  instrumentation  system  was  not  functioning  properly.  Due  to  time  constraints  it  w-as  decided  to  continue  on 
with  testing  using  the  trajectory  analysis  method  of  determining  the  centreline  loads.  After  further  investigation  by  AETE 
it  was  found  that  the  strain  value  range  supplied  by  McAir  were  erroneous  by  a  factor  of  10.  The  instrumentation  gams 
were  subsequently  changed,  but  the  adapter  strain  gauges  stiJl  only  provided  limited  data  because  they  were  installed  m  an 
area  Loo  far  away  from  the  primary  loads  paths.  Therefore,  the  use  of  the  calibrated  centreline  adapter  had  to  be 
abandoned  as  a  method  of  determining  centreline  interface  loads. 

The  next  problem  surfaced  after  CF-188701  performed  a  260  degree,  full  aileron  deflection  roll  at  Mach  0.7,  5(XX1  feet 
MSL.  with  2600  pounds  (400  gallons)  of  fuel  in  the  centreline  tank  Post-flight  analysis  indicated  that  the  centreline  pylon 
aft  .attachment  bolt  had  achieved  approximately  108%  of  design  limit  load.  On  the  same  manoeuvre,  the  centreline  pylon 
strain  gauges,  located  at  a  critical  fillet  radii,  exceeded  the  design  allowable  pylon  strains  which  were  analytically  calculated 
to  be  4900  microstrain.  One  particular  strain  gauge  output  was  estimated  as  10.000  micros! ram  which  corresponds  to 
approximately  twice  the  strain  level  calculated  by  analysis.  The  pylon  was  removed  and  inspected  by  eddy  current 
irchnique.  and  fortunately,  no  defects  were  found  Flight  testing  |>erformed  by  AETE  on  another  program  with  a  centreline 
330  EFT  indicated  that  this  problem  was  not  unique  to  the  180  EFT  centreline  carriage  but  also  to  330  EFT  The 
unexpected  relatively  high  strains  could  be  because  of  errors  in  the  anal)  lira!  stress  concent  radon  assumed  in  the  critical 
area  of  the  centreline  pylon  and  or  the  cent  refine  loads  m<*def  itsWf.  There  ts  strong  eudence  that  the  stress  concentrat  ion 
factor  used  in  the  analysis  is  incorrect,  however,  this  is  being  investigated  by  McAir 

Because  of  the  inconsistency  between  the  predicted  attachment  loads  and  measured  -tram  levels,  centreline  480  EFT 
testing  was  completed  with  empty  centreline  tank  only  The  intention  was  lo  obtain  trajectory  data  with  empty  tank, 
refine  the  aerodynamic  data  base,  and  then  analytically  include  fuel  lo  predict  attachment  loads  to  determine  a  usable  flight 
envelope  Work  was  also  undertaken  at  McAir  to  develop  calibration  equations  relating  left  forward  boll  loads  to  strain 
levels  in  the  critical  area.  It  should  be  noted  that  the  strain  levels  measured  with  empty  480  EFT-  for  similar  manoeuvres 
ranged  between  4500  to  4800  microstrain. 

Loads  flight  testing  on  CF-188907  proceeded  much  smoother  until  a  premature  failure  occurred  in  the  port  inboard 
wing  spar  pylon  receptacle  (see  Figure  20).  The  failure  was  detected  when  fuel  was  found  leaking  from  the  receptacle  after 
the  aircraft  had  safely  landed  from  the  last  mission  of  the  loads  flight  lest  program  The  completion  of  the  test  program 
was  severely  delayed  because  of  this  major  unserviceability.  Since  the  cracked  receptacle  is  an  integral  part  of  the  *f3  wing 
spar,  the  wing  had  to  be  removed  and  shipped  to  the  McAir  for  repair.  A  new  production  port  wing  was  installed  so  that 
testing  could  be  resumed  The  new  wing  had  no  provision  for  installation  of  test  instrumentation,  fortunately  the  existing 
instrumentation  in  the  starboard  wing  was  similar  ".o  that  in  the  port  wing.  Therefore,  to  minimize  aircraft  down  time,  the 
airrraft  was  rewired  lo  make  use  of  the  starboard  wing  instrumentation 

The  cause  of  the  damage  is  presently  under  investigation  by  McAir  and  to  date  no  conclusive  evidence  lias  been  found 
U  explain  the  failure  Several  theories  have  Im*oii  presented  to  explain  the  failure  including  stress  corrosion  cracking,  static 
overslress.  and  low-cycle  fatigue;  nevertheless,  it  should  be  noted  that  the  design  loads  for  the  wing  spar  receptacle  had 
never  been  exceeded  during  any  portion  of  the  flight  lest  program.  Our. tig  disassembly  of  the  wing  receptacle,  the  pylon 
hook  wing  receptacle  wear  plate  installed  on  the  landing  which  the  pylon  hook  liears  and  tin-  wall  of  the  wing  receptacle  was 
found  lo  be  installed  incorrectly  The  wear  plate  is  properly  installed  when  the  thin  edge  of  it  is  located  inboard  Figure  21 
shows  the  localized  surface  wear  resulting  from  the  wear  plates  Ix-ing  installed  incorrectly  The  popular  l>olicf  during  the 
preliminary  investigation  was  that  the  failure  was  due  to  a  static  oxerstress  from  tin-  wear  plates  being  installed  improperly, 
however,  this  was  dispelled  after  a  strain  survey  on  a  fa»’gue  test  article  at  McAir  showed  that  a  correctly  installed  wear 
plate  gave  about  12%  higher  strains  than  one  which  was  improperly  installed  These  results  were  suspect,  therefore.  M<  Air 
re-i  list  rumen  led  the  pylon  receptacle  on  ihr  test  article,  reflated  the  survey  and  found  similar  results  After  conducting  a 
failure  analysis.  Me  Air's  Materials  and  Processes  laboratory  had  concluded  that  no  material  discrepancies  were  found  and 
that  there  was  no  evidence  of  either  stress  corrosion  cracking  or  fatigue 

Flight  testing  with  the  480  EFT  was  discontinued  after  the  wing  pylon  receptacle  failure  In  order  to  identify  a 
usable  envelope  for  the  480  EFT  a  relationship  between  the  inboard  pylon  h<x>k  load  and  the  critical  receptacle  strains  had 
to  be  established  This  led  to  the  installation  of  5  strain  gauges  the  critical  area  of  the  inboard  port  wing  pylon 

receptacle  on  CF-188907.  Using  a  three  330  EFT.  clean  outboard  aircraft  configuration,  a  two-flight  test  program 
consisting  of  SSPUs  and  RPOs  was  just  completed  at  AETE  The  preliminary  resilts  confirm  that  high  failure  strains  do 
not  exist  in  the  pylon  receptacle  during  critical  h«n>k  load  manoeuvres.  Sufficient  data  was  gathered  showing  tin- 
relationship  between  the  inboard  pylon  hook  load  and  the  receptacle  strains  to  allow  -180  EFT  testing  to  recommence 
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5.6  Other  Flight  Test  Results  Vlilm'igfi  »t  «o\*rtd  m  .mi  detail  l<i  il»'  |m|«t .  SA  *  a  in.  •«,|wraiiiiii  jeltiMiii  flight 
i»— 1»  were  riiinplt'tfil  sik  ((ssfiilly  The  ami  of  ^A  C  testing  was  to  investigate  the  handling  qualit  ies  and  departure 
ri'i-Ume  of  the  CF-18  configured  with  two  180  EFT**  on  the  inboard  pylons,  and  either  a  180  or  330  Kh  f  on  the  centreline 
•oat ion  A  build-up  technique  of  applying  half  then  full  control  inputs  at  increasing  Mach  numlier  and  angle-of-at t a<k 
j  \OA)  was  employed.  As  mentioned  previously.  SAC  testing  was  integrated  with  the  loads  testing  to  form  one  safe 
i  arriage  test  matrix  In  general.  S&C  lest  results  indicated  that  tin-  ISO  KFT  configurations  were  roughly  equivalent  to  the 
330  KFT.  However,  around  0.6  M  and  15  degrees  AO  A,  adverse  yaw  resulted  in  large  sideslip  build-up  with  no  warning  lo 
the  piloi  The  worse  rase  was  on  the  dual  aircraft.  CF-188907.  during  rolling  manoeuvres  using  full  coordinated  rudder  and 
lateral  stick  inputs,  as  well  as  aft  stick  to  maintain  AOA  Sideslip  rapidly  built-up  lo  the  lest  limit  of  15  degrees  during 
these  lest  points,  but  no  departures  occurred.  This  characteristic  is  mainly  a  function  of  the  flight  control  system 
implement al ion  in  that  Mach /AOA  range,  and  the  sideslip  excursions  were  only  slightly  worse  than  with  the  already  cleared 
three  330  KFT  configuration.  McAir  is  presently  reviewing  the  test  data  and  will  recommend  a  final  clearance 
Longitudinal  stability  and  take-off  characteristics  were  also  evaluated  in  the  heavy-weight  interdiction  configuration  and  no 
adverse  effects  were  noted  Overall,  no  handling  qualities  unique  to  the  180  KFT  were  observed  during  the  test  program 

The  aim  of  separation  jettison  testing  was  to  determine  the  safe  jettison  envelope  of  the  480  KFT  from  the  inboard 
wmg  and  centreline  pylon  stations  and  to  verify  ihe  six -dogree-of- freedom  data  base  used  to  predict  the  jettison  trajectory 
of  the  180  KFT.  In  summary,  as  predicted  by  analysis,  each  flight  lest  resulted  in  a  clean  release  with  virtually  no  tank  roll 
or  yaw  Jettison  testing  of  the  -180  KFT  from  the  centreline  station  was  cancelled  because  of  the  withdrawal  of  the  RAAF 
from  this  clearance  program 

6.0  SUMMARY 

Phase  I  of  the  CF-18  180  KFT  stores  clearance  program  is  nearly  completed  in  spile  of  the  unforeseen  delays  which 
arose  during  the  flight  testing  portion  of  the  program.  All  flights  required  for  flutter.  AOC.  SMI.  carnage  loads.  S4:C.  and 
separation  jettison  have  been  successfully  completed.  At  the  present  time  87  missions  have"  been  flown.  34  for  flutter.  AOC 
and  S\11.  18  for  carriage  loads.  2  for  wing  receptacle  loads.  28  for  SA*C,  and  5  for  separation,  jettison.  Approximately  C 
nn.re  flights  (.*>  for  dynamic  response  and  I  for  ALQ-162  vibration  level  testing)  are  required  to  complete  this  program.  No 
major  problems  are  anticipated  during  the  course  of  these  flight  tests. 

Data  gathered  from  ail  analyses  and  tests  to  date  indicate  that  carriage  of  the  480  EFT  on  the  CF-18  aircraft  is 
viable  Minor  deficiencies  found  with  the  prototype  480  KFT  during  early  ground  testing  will  be  corrected  in  the  final 
design.  As  predicted  analytically  and  by  GVT.  no  SMI  will  incur  from  the  carriage  of  the  480  EFTs  on  the  CF-18 
Although  flutter  and  AOC  were  completed  uneventfully,  new  flight  envelope  placards  for  certain  configurations  will  have  to 
be  imposed  as  a  result  of  flight  test  results  The  higher  than  predicted  loads  and  strains  found  during  480  EFT  centreline 
carriage  testing  as  well  as  the  premature  failure  of  ihe  wing  pylon  receptacle  on  CF-188907  may  result  in  additional  flight 
restrictions;  however,  this  will  require  further  investigation  by  McAir  SAC  and  separation  jettison  testing  were 
successfully  completed  and  no  480  EFT  separation  jettison  limitations  are  anticipated,  however,  some  limitations  may  be 
required  at  Mach  0.6  and  15  degrees  AOA  McAir  is  currently  analyzing  these  results,  and  wiff  provide  the  appropriate 
<  learancc  recommendations. 

Valuable  exjierience  was  acquired  by  AETK  during  this  stores  clearance  program  The  experience  and  knowledge 
gamed  during  this  program  will  certainly  be  put  to  use  j n  the  future  as  planning  for  the  follow-on  testing  is  presently 
underway,  with  flight  testing  tentatively  scheduled  to  commence  later  in  1988  Manufacture  of  the  480  EFT  m  Canada  and 
a-scKiaied  technology  transfer  will  most  likely  occur  in  the  near  future. 
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PHYSICAL  COMPARISONS 

EFT'S 

330 

vs 

480 

ALL  ICTAL/SURVWA8LE 

WRAPPED 

COMPOSITES 

tWM/189  N 

LENGTH 

215  M 

za-2/2+a  ti 

DIAMETER 

>9  M 

220/290  LBS 

DRY  WEIGHT 

2 SO  LBS 

330  GALS 

2^44  LBS 

USABLE  FUEL 

480  GALS 
\2G4  LBS 

-ISSr) — L*BTE5T 


ANALYSIS 


GROUND  TEST 


FUCHT  TEST 


STORE  DESIGN  CHANGES  RE  OWED 


FIGURE  3  -  480  EFT  STORES  CLEARANCE  PROCESS 


FIGURE  4  -  CRITICAL  GROUND  VIBRATION  TEST  CONFIGURATIONS 


FIGURE  S  -  WING/PYLON/TANK  INTERFACES 


CONFIG  :  18  TANK  <  100*4).  MK82'S  RESPONSE  :  RH  0/S  MK02  *  165  L 

DEG  E*C  LOC  :  30  LB,  SYM  0  151 L.  165  L  REFERENCE  :  LH  FORCE.  0/S  Q  I5IL 
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FREQUENCY  RESPONSE  FUNCTION 


FIGURE  6  -  TYPICAL  TRANSFER  FUNCTION  PLOT 
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FIGURE  1  -  CF-U  BASIC  DATA  ACQUISITION  SYSTEM 


Analogue  Signal  Conditioners 

Uux  Bus  I/P  Unit*  instrumentation  Co ntrola 

Power  Supptlaa  Volea  Recorder 


FIGURE  S  -  BASIC  CF-lt  AIRCRAFT  INSTRUMENTATION 
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FLIGHT  TEST  ACTIVITY 
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FIGURE  11  -  FLIGHT  TEST  RISK  FACTORS 


SWEEP  EXCITATION 
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DWELL  EXCITATION 
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©  -  480  FUEL  TANK 
0  '  AIM-  3L/M  MISSILE 
•  -  MK  82 

E  -  EXTERNAL  CAMERAS 
©  -  330  FUEL  TANK 


Wt  -  MX  93 
X  -  AIM-7 

0  -  OUAL  SEAT  AC  907 
S  -  SINCLE  SEAT  AC  701 


FIGURE  13  -  SWEEP/DWELL  SINE  EXCITATION 


FIGURE  12  -  FLIGHT  TEST  AIRCRAFT  CONFIGURATIONS 
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GROUP 

TEST 

SEQ 

ALT 

(FT  MSL) 

MACH 

NO 

FUEL 

STATE 

AIRCRAFT 

ATTITUDE 

AILERON 

SYM/ANTI 

EXCITATION 

SWEEP/DWELL 

A 

2 

15K 

035 

FULL 

LEVEL 

ANTI 

SW/DW 

A 

3 

10K 

0.90 

FULL 

LEVEL 

ANTI 

DW 

B 

4 

10K 

0.95 

FULL 

LEVEL 

ANTI 

SW/DW 

C 

7 

10K 

9.95 

25-50 

75% 

LEVEL 

ANTI 

SW/DW 

C 

t 

10K  2K 

0.95 

50% 

10  CLIMB 

ANTI 

DW 

c 

a 

10K  2K 

0.95 

50% 

10  DIVE 

ANTI 

DW 

A 

l 

5K 

OAO 

FULL 

LEVEL 

ANTI 

SW/DW 

B 

5 

6K 

0.90 

FULL 

LEVEL 

ANTI 

DW 

B 

e 

6K 

0.95 

FULL 

LEVEL 

ANTI 

SW/DW 

D 

10 

4K 

030 

FULL 

LEVEL 

ANTI 

DW 

D 

n 

4K 

0.95 

FULL 

LEVEL 

ANTI 

SW/DW 

E 

12 

6K/4K 

035 

FULL 

PUSHOVER 

03*  WITH  ANTI¬ 
SYMMETRIC  DWELLS 

E 

13 

6K/4K 

035 

FULL 

SLOW  WIND-UP  TURN  (WUT), 

1  TO  7.5g  WITH  LATERAL  STICK 

RAPS 

f 

14 

4K 

0.7  TO 
Vtnu 

FULL 

LEVEL 

ANTI 

DW 

9 

15 

30K  to 

10K  DIVE 

Vmu 

FULL 

ANTI 

DW 

FIGURE  14  -  FLUTTER  TEST  MATRIX  (CONFIG  2) 


MANOEUVRES 

■ 

MACH 

ALTITUDE  (MEAN  SEA  LEVEL) 

20K  15K  10K  6K  SK 

SYMMETRIC  PULL-UP  TO  73G 

3 

X  X 

>2600  LBS  CENTRELINE  EFT 

35 

X 

VL 

X 

SYMMETRIC  PUSHOVER  TO  -33G 

.85 

X  X 

3 

X  X 

HALF  STICK/FULL  STICK  63G 

.6 

X 

ROLLING  PULL-OUT  (RPO) 

3 

XX  X 

EMPTY  CENTRELINE  EFT 

35 

X  X 

VL 

X  X 

HALF  STICK/FULL  STICK  33G  RPO 

.6 

X  X 

EMPTY  CENTRELINE  EFT 

.8 

X  X 

9 

X 

35 

X 

HALF  STICK/FULL  STICK  -13C 

.65 

X 

180-  ROLL 

,75 

XX  X 

EMPTY  CENTRELINE  EFT 

HALF/FULL  PEDAL  RUDDER  KICKS 

.6 

XXX  X 

.7 

X  X 

3 

X 

FIGURE  15  -  AOC  FLIGHT  TEST  MATRIX 
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FLIGHT  TEST  TRAJECTORY 


TRAJECTORY  ANALYSIS 


TRAJECTORY  DATA  FILE 


MACH  NO 

NZ 

«  $ 

f 

ALT 

Ny 

a  k 

• 

Y 

AC  GW 

Nx 

LEF 

DEFLECTION 

AC  CG  X 

1 

tef 

oeflection 

ANALYTICAL  CALCULATION 


INERTIA  FORCES 

AERODYNAMIC 

FORCES 

AT  TANK  CG 

AT  TANK  CG  (WIND 

TUNNEL  DATA) 

SOLUTION  FOR  EACH 

TIME  SLICES.  1  TO  10 

W 


<1  PYLON  PREDICTED  BOLT  LOAD 


+  Z  (UP) 


FORWARD  AFT 

FXL  FXR  AYL  AYR 

FYL  FYR  AZL  AZR 

FZL  FZR 


X  (RIGHT) 

— -  +  Y  (AFT) 


FIGURE  16  -  CENTRELINE  PYLON  LOADS  PREDICTION  PROCESS 


TEST 

POINT 

MACH  NUMBER 

ALTITUDE 
(PT  MSL) 

MANOEUVRE 

1 

0.70  -  0.93 
(or  Vmu) 

6K,  4K 

SLOW  1G  ACCELERATION  LATERAL  STICK 
RAPS 

2 

0.75 

6K,  4K 

SLOW  WIND-UP  TURN  (WUT),  I  TO  74K3 
LATERAL  STICK  RAPS 

3 

0.81 

6K.  4K 

SLOW  WUT,  1  TO  7.5G  LATERAL  STICK  RAPS 

4 

0.83 

6K,  4K 

SLOW  WUT,  1  TO  7 JIG  LATERAL  STICK  RAPS 

6 

0.85 

6K,  4K 

SLOW  WUT,  1  TO  7.5G  LATERAL  STICK  RAPS 

e 

0.88 

6K,  4K 

SLOW  WUT,  1  TO  7.5G  LATERAL  STICK  RAPS 

7 

0.91 

6K,  4K 

SLOW  WUT,  I  TO  7.5G  LATERAL  STICK  RAPS 

8 

0.93 

(or  Vmu) 

6K,  4K 

SLOW  WUT,  1  TO  7.5G  LATERAL  STICK  RAPS 

9 

0.93  (or  Vmu)  - 
0.70 

6K,  4K 

SLOW  WIND-DOWN  TURN,  3.5  TO  4.5G 
LATERAL  STICK  RAPS 

10 

OAO 

6K,  4K 

0.5G  PUSHOVER  LATERAL  STICK  RAPS 

n 

0.88 

6K,  4K 

0.5G  PUSHOVER  LATERAL  STICK  RAPS 

FIGURE  17  -  CF-1 88701  LOADS  TEST  MATRIX  (CONFIG  1) 
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TIP  MISSILES  OPP,  2  MK-82  OUTBOARD,  100%  480  EPT  INBOARD 


ANALYTIC  MODE 
DESCRIPTION 

SYMMETRIC 

ANTI-SYMMETRIC 

ANALYSIS 

GVT 

RIG 

ANALYSIS 

GVT 

RIG 

HZ 

HZ 

HZ 

HZ 

HZ 

HZ 

TANK  ROLL 

2.45 

2.51 

•NM 

3.05 

3.14 

NM 

TANK  PITCH 

6.00 

6.17 

6.19 

5.75 

5.72 

5.89 

TANK  YAW 

5.92 

6.04 

NM 

5.93 

6.42 

NM 

OUTBOARD  STORE  ROLL 

4.05 

4.41 

4.45 

4.63 

4.73 

4.45 

OUTBOARD  STORE  PITCH 

7.88 

8.14 

8.43 

7.60 

8.60 

8.77 

OUTBOARD  STORE  YAW 

12.49 

13.49 

13.19 

12.53 

13.36 

13.37 

WING  1ST  BENDING 

5.53 

5.91 

5.77 

8.31 

8.08 

8.12 

WING  1ST  TORSION 

17.50 

17.36 

16.42 

17.47 

17.19 

16.96 

WING  2ND  BENDING 

11.90 

12.60 

NM 

14.78 

NM 

NM 

FUSELAGE  1ST  BENDING 

9.42 

10.33 

NM 

8.80 

9.74 

9.31 

•NM  -  NOT  MEASURED 


FIGURE  18  -  SUMMARY  OF  GVT  RESULTS 
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FIGURE  19  -  RESPONSE  OF  WING  STRAIN  GAUGES  AT  LO  V  DAMPING 


20-1 


FLOW  VISUALIZATION  TECHNIQUES  FOR  FLIGHT  RESEARCH 

David  F.  Fisher  and  Robert  R.  Meyer,  Jr. 

NASA  Ames  Research  Center 
Dryden  Flight  Research  Facility 
P.O.  Box  273 

Edwards,  California  93523-5000 
U.S.A. 


SUMMARY 

In-flight  flow  visualization  techniques  used  at  the  Dryden  Flight  Research  Facility  of  NASA  Ames  Re¬ 
search  Center  (Amcs-Dryden)  and  its  predecessor  organizations  are  described.  Results  from  flight  tests 
which  visualized  surface  flows  using  flow  cones,  tufts,  oil  flows,  liquid  crystals,  sublimating  chemicals,  and 
emitted  fluids  have  been  obtained.  Off-surface  flow  visualization  of  vortical  flow  has  been  obtained  from 
natural  condensation  and  two  methods  using  smoke  generator  systems.  Recent  results  from  flight  tests  at 
NASA  Langley  Research  Center  using  a  propylene  glycol  smoker  and  an  infrared  imager  are  also  included. 
Results  from  photo-chase  aircraft,  onboard  and  postflight  photography  are  presented. 

NOMENCLATURE 


c„ 

pressure  coefficient 

TE 

trailing  edge 

9 

load  factor  normal  to  longitudinal  axis 

V 

velocity 

of  aircraft 

VSFTE 

variable  sweep  flight  transition 

HARV 

high  alpha  research  vehicle 

experiment 

lip 

pressure  altitude,  km  (ft) 

i/c 

ratio  of  chordwise  distance  from  leading 

IR 

infrared 

edge  to  local  chord  length 

LE 

leading  edge 

a 

alpha,  angle  of  attack,  deg 

LEX 

leading  edge  extension 

8 

boundary  layer  thickness,  cm  (in.) 

M 

Mach  number 

V 

ratio  of  spanwise  distance  from  aircraft 

NLF 

natural  laminar  flow 

centerline  to  wing  semispan 

fi 

reattachment  location 

A 

wing  leading  edge  sweep  angle,  deg 

fin 

Reynolds  number  based  on  wing 
reference  chord 

Subscripts 

Si 

primary  vortex  separation  location 

i 

indicated 

Si 

secondary  vortex  separation  location 

max 

maximum 

TACT 

transonic  aircraft  technology 

oo 

frccstreain 

1.  INTRODUCTION 

The  visualization  of  airflow  on  and  about  models  in  wind  tunnels  has  been  used  for  many  years  to 
complement  other  sources  of  aerodynamic  data  to  help  interpret  lest  results.  Methods  of  flow  visualization 
commonly  used  in  wind  tunnels  include  schlicren  photography  (ref.  1),  oil  flows  (ref.  2),  minitufts  (ref.  3), 
vapor  screen  (refs.  4  and  5),  and  smoke  (ref.  6).  From  this  array  of  methods,  one  can  choose  specific  tech¬ 
niques  from  which  shocks  can  be  visualized,  (low  direction  and  regions  of  separated  flows  can  be  determined. 
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boundary  layer  transition  location  defined,  and  vortices  identified.  Recently,  low-speed  water  tunnels  have 
also  been  used  extensively  to  visualize  simulated  airflows  (refs.  7  and  8).  These  techniques  and  others  are 
well  covered  in  reference  9. 

Similarly,  a  wide  variety  of  in-flight  flow  visualization  techniques  for  aerodynamic  experiments  ranging 
from  visualization  of  boundary  layer  characteristics  to  vortical  flows  have  been  used  at  the  Dryden  Right 
Research  Facility  of  NASA  Ames  Research  Center  ( Ames-Dryden)  and  its  predecessor  organizations  to  help 
interpret  and  understand  the  results  of  flight  tests.  These  visualization  techniques  usually  give  a  more  global 
picture  of  airflow  and  sometimes  are  the  only  way  the  data  can  be  obtained  in  flight.  Many  of  the  techniques 
are  associated  with  on-surface  flow  visualization,  including  flow  cones  and  tufts,  oil  flows,  a  liquid  crystal 
technique,  sublimating  chemicals,  and  an  emitted  fluid  technique.  Other  techniques  involve  off-surface  flow 
visualization,  including  two  types  of  smoke  generator  systems  and  natural  condensation. 

The  authors  discuss  the  previously  mentioned  techniques  and  two  other  methods  used  at  the  NASA 
Langley  Research  Center.  The  reader  will  be  directed  to  supporting  reference  material  for  these  in-flight 
techniques.  Verification  of  the  results  interpreted  from  the  flow  visualization  techniques  will  be  made  by 
comparison  to  other  in-flight  or  ground  facility  measurements  as  appropriate. 

2.  FLOW  VISUALIZATION  TECHNIQUES 

The  flow  visualization  techniques  described  in  the  following  sections  generally  require  a  significant 
amount  of  care  and  fine  tuning  to  get  the  best  results.  Ground  tests,  exploratory  flights,  or  both  are  usually 
required  to  determine  the  proper  viscosity  of  oil,  thickness  to  apply  the  liquid  crystals,  flow  rates  of  emitted 
fluid,  surface  color,  or  proper  chemical  for  sublimation.  Rights  need  to  be  allocated  for  development  of 
technique  and  refinement  in  the  flight  planning  to  ensure  favorable  results.  In  addition,  careful  examination, 
supporting  data,  and  experience  are  needed  to  interpret  the  results  properly. 

2.1  Boundary  Layer  Transition  and  Shock  Visualization  Techniques 

The  techniques  that  follow  are  generally  used  to  detect  boundary  layer  transition  from  laminar  to  turbu¬ 
lent  flow;  however,  some  of  the  techniques  have  wider  uses.  Most  of  these  techniques  are  dependent  upon 
surface  differential  temperatures  caused  by  the  difference  in  the  laminar  and  turbulent  flow  wall  recovery 
factors.  Heat  sinks  such  as  wing  ribs  and  spars  or  internal  fuel  tanks  can  cause  localized  cool  spots  and  make 
these  techniques  nearly  unusable.  Smooth  insulated  fiberglass  gloves  are  generally  used  for  best  results. 

2.1.1  Oil  Flows 

Oil  flows  (refs.  10-13)  are  obtained  by  applying  an  oil  mixed  with  a  coloring  agent  to  the  surface  of 
an  aircraft  to  study  surface  flow  characteristics.  A  wide  variety  of  fluid  mechanics  information  can  be 
interpreted  from  oil  flow  patterns  including  location  and  relative  strength  of  normal  shocks,  location  of 
boundary  layer  transition,  and  identification  of  areas  of  separation.  These  surface  flow  conditions  cause  the 
oil  coating  to  thin,  thicken,  or  puddle,  resulting  in  distinct  contrast  changes  in  the  oil-coated  surface.  Various 
oil  viscosities  and  coloring  agents  can  be  blended  to  provide  results  at  particular  flight  conditions,  such  as 
speed  or  altitude,  or  to  provide  adequate  contrast  on  different  colored  surfaces. 

Results  from  the  oil  flow  study  on  the  F-lll  tactical  aircraft  technology  airplane  (TACT)(rcf.  12)  are 
presented  in  figure  1.  The  study  was  conducted  on  a  partial  span  laminar  flow  glove  installed  on  the  left 
wing  panel  that  was  instrumented  with  a  chordwise  row  of  surface  static  pressure  orifices  and  a  boundary 
layer  rake  as  shown  in  figure  1(a).  For  this  study,  SAE  80-W-90oil  was  mixed  with  powdered  black  graphite 
in  the  proportions  of  four  parts  of  oil  to  one  part  of  graphite,  by  volume.  The  mixture  was  applied  to  the 
surface  with  a  paint  brush  approximately  30  min  prior  to  takeoff.  Documentation  was  obtained  from  chase 
aircraft  photographs. 

A  dark  curved  line  across  the  test  surface  just  aft  of  the  midchord  can  be  observed  in  figure  1(a).  This 
line  was  attributed  to  a  normal  shock  wave  on  the  test  surface,  which  causes  the  oil  to  build  up  or  puddle, 
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at  the  location  of  the  shock.  This  is  verified  by  the  corresponding  pressure  distribution  in  figure  1(b).  The 
pressure  distribution  shows  a  rapid  increase  in  pressure  (more  positive  Cp)  at  the  same  location  (x/ c  =  0.65), 
which  also  indicates  the  presence  of  a  shock  wave.  Meyer  and  Jennett  (ref.  12)  showed  that  the  darkness  of 
the  line  in  the  oil,  indicating  a  shock,  could  be  correlated  directly  to  relative  shock  strength  as  determined 
from  simultaneously  obtained  pressure  distribution  data. 

A  more  subtle  observation  that  can  be  made  from  oil  flows  is  the  location  of  boundary  layer  transition 
from  laminar  to  turbulent  flow.  An  example  of  this  is  presented  in  figure  2  from  reference  12.  In  figure  2(a), 
note  the  distinction  between  a  light  area  forward  of  the  20-percent  chord,  where  there  appears  to  be  little 
or  no  oil,  and  a  uniform  slightly  darkened  area  aft  of  the  20-percent  chord.  The  light  area  is  considered  to 
be  the  region  of  laminar  flow,  and  the  darkened  area  is  considered  to  be  turbulent  flow.  This  interpretation 
is  supported  by  the  corresponding  pressure  distribution  of  figure  2(b),  as  well  as  the  boundary  layer  data 
of  figure  2(c),  from  reference  12.  In  figure  2(b),  a  favorable  pressure  gradient  exists  from  the  leading  edge 
(x/c  =  0)  to  approximately  the  20-percent  chord  (i/c  =  0.20),  where  the  pressure  gradient  becomes  unfa¬ 
vorable  and  the  boundary  layer  should  transition  to  a  turbulent  condition.  The  variation  of  upper  surface 
boundary  layer  thickness,  obtained  from  the  boundary  layer  rakes  as  a  function  of  angle  of  attack,  is  shown 
in  figure  2(c)  and  described  in  reference  12.  The  lines  on  the  figure  indicate  faired  calibration  results  ob¬ 
tained  using  “trip  strips,”  and  the  ciicular  symbol  indicates  the  boundary  layer  thickness  when  the  oil  flow 
pattern  of  figure  2(a)  was  photographed.  By  referring  to  the  location  of  the  circular  symbol  with  respect 
to  the  different  calibration  lines,  the  point  of  transition  can  be  determined,  independently  of  the  oil  flow,  at 
approximately  23-percent  chord  ( x/c  =  0.23  ),  confirming  the  interpretation  of  the  photograph  of  figure  2(a). 

A  summary  of  results  using  oil  flows  on  seven  different  aircraft  from  low  speed  to  supersonic  speeds  is 
given  in  reference  13.  Reference  13  also  provides  details  on  appropriate  oil  viscosities  and  coloring  agents 
for  particular  applicatiores.  With  proper  flight  planning,  especially  for  boundary  layer  transition  location 
determination,  multiple  test  conditions  can  be  obtained  on  one  flight.  Test  points  with  the  expected  transition 
location  near  the  leading  edge  need  to  be  flown  before  tests  points  with  the  transition  location  far  aft.  It  was 
also  found  that  this  technique  was  limited  to  approximately  7600  m  (25,000  ft)  because  the  oil  becomes  too 
viscous  to  be  of  use  at  the  colder  temperatures  of  greater  altitudes.  Documentation  of  the  oil  flow  patterns  is 
normally  obtained  from  chase  aircraft  photographs,  although  photographs  have  been  obtained  in  real  time 
from  on-'ooard  cameras. 

2.1.2  Liquid  Crystals 

Liquid  crystals  similar  to  those  commonly  used  in  desktop  thermometers  have  been  used  recently  in 
flight  (refs.  14-16)  primarily  for  boundary  layer  transition  visualization.  Liquid  crystals  exposed  to  fluid 
flow  on  the  aircraft  test  surface  change  color  with  shear  forces  or  temperatures  associated  with  various  fluid 
mechanic  phenomena,  such  as  laminar  to  turbulent  transition  or  normal  shocks. 

The  liquid  crystals  are  applied  to  the  aircraft  by  first  thinning  the  liquid  crystal  solution  with  solvent  and 
then  spraying  a  very  thin  coat  on  the  test  surface  prior  to  takeoff.  The  test  surface  must  be  a  dark  color  to 
provide  suitable  contrast.  Holmes  and  others  (ref.  14)  reported  that  a  flat  black  surface  provided  the  best 
results,  although  other  dark  surfaces  often  provide  adequate  results.  In  order  to  obtain  optimum  color  change 
with  the  liquid  crystal  technique,  lighting  and  viewing  angle  are  critical.  Optimum  results  were  obtained 
with  the  sun  positioned  behind  the  viewer  (photo  aircraft)  and  the  viewer  as  close  to  perpendicular  to  the 
test  surface  as  possible. 

Results  (ref.  16)  arc  presented  from  the  F-14  variable  sweep  flight  transition  experiment  (VSFTE)  pro¬ 
gram.  For  those  tests,  a  pressure  sensitive  liquid  crystal  (so  named  by  the  manufacturer)  was  applied  to 
laminar  flow  wing  gloves  on  an  F-14  aircraft.  The  liquid  crystals  were  applied  to  the  surface  approximately 
1  hr  prior  to  takeoff.  Documentation  was  obtained  by  photographs  and  video  from  a  photo  chase  aircraft. 

Examples  of  liquid  crystal  patterns  on  the  F-14  airplane’s  left  wing  glove  are  shown  in  figure  3.  Transi¬ 
tion  is  indicated  by  an  abrupt  change  in  color  of  the  liquid  crystal  pattern  due  to  the  discontinuous  change 
in  temperature  and  shear  at  boundary  layer  transition.  The  colors  themselves  are  not  important,  since  they 
change  with  viewing  angle  as  well  as  ambient  temperature  (altitude). 


20-4 


Figure  3(a)  represents  a  case  where  transition  occurred  forward  on  the  test  section,  probably  due  to  cross- 
flow  disturbance  generated  by  leading  edge  sweep  and  is  indicated  by  the  sawtooth  pattern  at  approximately 
5-  to  10-percent  chord.  Figure  3(b)  represents  a  case  where  transition  occurred  about  midchord,  due  to 
the  laminar  boundary  layer  encountering  an  adverse  pressure  gradient  and  is  indicated  by  a  uniform  line 
at  about  30-percent  chord.  One  other  observation  in  figure  3(b)  is  the  presence  of  a  "transition  wedge” 
near  the  outboard  edge  of  the  test  section,  probably  due  to  an  insect  impact  or  dust  stuck  in  the  oily  liquid 
crystal  mixture. 

Liquid  crystal  and  hot-film  transition  data  obtained  at  the  same  time  intervals  are  compared  in  figure  4 
from  reference  16.  The  figure  shows  that  transition  location  indicated  by  the  liquid  crystal  flow  patterns  and 
hot  film  agreed  to  within  less  than  5-percent  chord. 

A  concern  using  liquid  crystals  was  the  effect,  if  any,  the  liquid  crystal  solution  on  the  test  surface  might 
have  on  the  laminar  to  turbulent  boundary  layer  transition,  or  in  other  words,  the  possibility  that  the  liquid 
crystal  solution  would  affect  or  bias  the  fluid  mechanic  process.  Transition  data  obtained  from  the  hot  films 
with  and  without  the  liquid  crystal  solution  on  the  test  surface  are  compared  in  figure  5.  Transition  is  plotted 
as  a  function  of  angle  of  attack  at  two  representative  altitudes.  At  the  lower  altitude  (higher  unit  Reynolds 
number),  a  variation  in  transition  location  of  up  to  30-percent  chord  is  evident.  At  the  higher  altitude  (lower 
unit  Reynolds  number),  there  is  much  less  difference,  only  about  5  percent  of  chord. 

2.1.3  Inft-ared  Imaging 

Infrared  (IR)  imaging  is  a  relatively  new  flow  visualization  technique,  recently  used  for  nonintrusive 
visualizing  of  laminar  to  turbulent  boundary  layer  transition  (refs.  17  and  18).  Flight  tests  with  an  IR  im¬ 
ager  were  recently  conducted  at  NASA  Langley  Research  Center  on  a  T-34C  aircraft  modified  with  an 
NLF(1)-215F  airfoil  partial  span  glove  (ref.  18).  The  sensitivity  of  the  IR  imager  used  in  these  tests  is 
shown  in  figure  6.  As  the  temperature  of  the  target  surface  is  increased,  the  imager  becomes  more  sensitive, 
so  that  at  30°C  (86°F),  the  imager  can  detect  differential  temperatures  of  0. 1°C  (0. 1 8°F). 

The  IR  camera  and  display  unit  were  mounted  in  the  T-34C  aircraft  (fig.  7)  with  the  wing  glove  in  the  field 
of  view.  The  flight  tests  were  conducted  with  the  canopy  open  so  that  no  loss  of  image  sensitivity  occurred 
from  the  infrared  absorption  by  the  Plexiglas  window.  During  the  research  flights,  an  experimenter  in  the 
aft  cockpit  adjusted  the  imager  so  that  temperature  differences  on  the  glove  could  be  observed. 

An  example  of  typical  results  obtained  from  the  IR  imager  on  the  black  surface  during  daylight  is  shown 
in  figure  8.  The  IR  photograph  shows  that  the  laminar  region  (light  color)  is  warmer  than  the  turbulent 
region.  This  result  is  due  to  the  increased  convection  coefficient  of  the  turbulent  boundary  layer.  The  free- 
stream  air  temperature  is  lower  than  the  natural  laminar  flow  (NLF)  glove  surface  due  to  solar  heating,  and 
the  turbulent  flow  region  is  cooled  at  a  faster  rale  than  the  laminar  region. 

On  night  flights,  the  surface  temperatures  of  the  NLF  glove  were  much  lower  because  there  was  no  solar 
radiation  effect.  Due  to  the  lower  temperatures,  the  sensitivity  of  the  imager  was  reduced  as  mentioned 
previously.  As  a  result,  the  steady-state  level  flight  test  techniques  used  at  night  were  unsuccessful  at  low 
speed.  T  msition  data  could  be  obtained  by  cold  soaking  the  glove  at  high  altitude,  then  descending  into 
warmer  air  so  that  convection  tended  to  heat  the  wing  as  the  aircraft  descended.  Using  this  technique,  the 
color  patterns  on  the  ER  images  are  reversed  from  that  seen  during  day  flights.  In  figure  9,  the  laminar  areas 
are  dark  and  the  turbulent  areas  are  light. 

2.1.4  Sublimating  Chemicals 

The  sublimating  chemical  technique  (refs.  19-21)  is  used  primarily  for  laminar  to  turbulent  boundary 
layer  transition.  The  greater  heat  transfer  in  the  turbulent  boundary  layer  results  in  higher  surface  tempera¬ 
tures  than  in  the  laminar  boundary  layer.  This  elevated  temperature  and  shear  associated  with  turbulence  of 
the  boundary  layer  at  the  location  of  transition  cause  a  suitable  chemical  to  increase  its  rate  of  sublimation 
in  the  turbulent  region  with  respect  to  that  of  the  laminar  region.  Consequently,  the  chemical  is  removed  in 
the  turbulent  area  before  the  chemical  in  the  laminar  area  is  appreciably  affected. 
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The  chemicals  are  applied  to  an  aircraft  surface  by  dissolving  them  in  a  solvent  and  then  spraying  to  an 
appropriate  thickness.  The  solvent  evaporates,  leaving  a  crystal  structure  that  can  be  smoothed  if  necessary 
prior  to  takeoff.  The  chemicals  are  white  and  provide  the  best  contrast  on  dark  surfaces,  although  dyes,  such 
as  food  coloring,  can  be  added  to  the  chemicals  to  provide  contrast  on  light  surfaces.  Reference  20  contains 
an  excellent  summary  of  various  chemicals  and  application  techniques  at  high  speeds  and  reference  2 1 
summarizes  the  technique  for  low  speeds.  Both  sources  contain  tables  and  figures  that  can  be  used  as  an  aid 
in  choosing  particular  chemicals  for  specific  applications. 

The  test  aircraft  is  normally  established  at  the  desired  test  conditions  as  quickly  as  possible  and  then 
maintains  those  conditions  until  the  chemicals  in  the  turbulent  region  have  sublimated,  showing  the  desired 
flow  patterns.  Normally,  the  test  is  documented  with  photographs  taken  on  the  ground,  postfiight,  although 
photographs  can  be  taken  in  real  time  from  a  chase  aircraft  or  on-board  cameras.  Unlike  the  previously 
described  methods,  only  one  flow  condition  or  test  point  can  be  obtained  per  flight. 

An  example  of  this  technique  conducted  at  speeds  near  Mach  1.8  on  the  left  wing  of  an  F-104  (ref.  20), 
using  phenanthrene,  is  shown  in  figure  10.  The  aluminum  wing  was  painted  black  for  best  contrast  with 
the  white  chemicals.  The  transition  location  was  observable  as  shown  in  the  figure.  Note  that  some  of  the 
sublimable  chemical  along  the  wing-fuselage  juncture  and  in  the  rear  portion  oi  the  wing  did  not  sublimate. 
This  is  caused  by  large  structural  members  that  act  as  heat  sinks,  thus  preventing  the  wing  skin  from  attaining 
temperatures  high  enough  to  cause  a  high  rate  of  sublimation. 

Another  example,  this  time  from  the  right-hand  wing  of  the  F-104  at  Mach  2  (ref.  20),  is  given  in 
figure  11.  The  right  wingtip  panel  of  the  F-104  was  covered  with  a  thin  fiberglass  glove,  and  fluorcnc  wac 
used  as  the  sublimating  agent.  The  test  conditions  required  up  to  4  min  for  the  indication  of  boundary 
layer  transition  to  be  complete.  Resistive  thermometers  can  be  seen  in  the  photograph  (fig.  1 1)  of  the  wing 
imbedded  beneath  the  fiberglass  and  gave  good  correlation  with  the  sublimation  technique. 

2.2  Flow  Direction  and  Boundary  Layer  Separation  Visualization  Techniques 

2.2.1  Flow  Cones  and  Tufts 

Tufts,  usually  made  of  nylon  or  wool,  have  been  successfully  used  in  many  smdics  (ref.  22'  and  are 
considered  a  standard  method  for  in-flight  flow  visualization  of  surface  flow  direction  and  indicators  of 
separation.  Flow  cones  (refs.  23  and  24)  were  developed  to  overcome  some  disadvantages  of  tufts,  such  as 
instability  or  whipping  of  tufts  (not  always  related  to  any  feature  of  the  flow)  and  di  fficullies  in  photographing 
tufts  at  distances  between  the  photo  aircraft  and  test  or  research  aircraft. 

Row  cones  arc  rigid,  narrow,  hollow  conical  shapes,  attached  to  an  aircraft  surface  with  a  shon  string 
or  chain  at  the  apex  of  the  cone.  Like  tufts,  they  are  lightweight  and  align  themselves  with  the  local  surface 
flow  if  the  local  dynamic  pressure  is  sufficient.  A  typical  tuft  and  flow  cone  arc  compared  in  figure  12.  The 
flow  cones  are  available  in  a  variety  of  materials  and  colors.  Photographs  are  usually  taken  from  a  chase 
aircraft  to  document  the  flow  cone  patterns  in  flight,  however,  in  some  cases,  photographs  are  taken  from 
cameras  onboard  the  test  or  research  aircraft.  The  flow  cones  are  usually  more  visible  than  the  tufts  since 
they  are  larger  in  diameter  and  can  be  covered  with  reflective  material.  Though  lightweight,  their  weight 
(0.7-0.9  gram)  can  be  a  disadvantage  particularly  on  the  lower  surface  of  wings  at  low  dynamic  pressure. 
In  addition,  they  would  not  be  acceptable  in  front  of  engine  inlets,  whereas,  wool  tufts  probably  would 
be  acceptable. 

Row  cones  and  nylon  tufts  were  used  recently  on  the  upper  surface  of  left  wing  and  canard  of  the  X-29A 
aircraft.  In  figure  13,  a  comparison  of  the  contrast  of  a  tuft  and  a  flow  coneon  the  X-29A  airplane  can  be  seen. 
These  particular  photographs  represent  a  slow  flight  condition  for  the  X-29A  aircraft.  It  was  particularly 
difficult  for  the  photo  chase  aircraft  to  photograph  at  close  distance  to  the  test  aircraft.  Representative  tuft 
and  flow  cones  are  identified  in  the  figure.  As  can  be  seen  in  figure  13,  the  flow  cones  provided  significantly 
improved  contrast  and  resolution  as  compared  to  the  tufts. 

As  a  verification  of  the  ability  of  tufts  or  flow  cones  to  indicate  areas  of  rivaled  flow,  figure  14  shows 
wing  and  canard  surface  static  pressure  distributions  corresponding  to  the  c.  ilioas  shown  in  figure  13. 
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Separated  flow  in  the  pressure  distributions  is  indicated  by  failure  of  the  upper  and  lower  surface  pressures 
to  return  to  a  common  level  at  the  trailing  edge.  These  trends  are  evident  in  the  wing  upper  surface  pressure 
distribution  (fig.  14(a)),  near  midspan  (q  =  0.49)  on  the  trailing  edge  over  approximately  the  aft  10  percent  of 
the  wing  chord.  This  interpretation  of  the  wing  pressure  distributions  is  consistent  with  flow  cone  patterns 
of  figure  13,  where  the  flow  cones  on  the  trailing  edge  are  pointed  inboard  approximately  parallel  to  the 
trailing  edge  of  the  wing.  In  figure  13,  neither  the  flow  cones  on  the  canard  nor  the  pressure  distributions  of 
figure  14(b)  indicate  any  flow  separation. 

2.2.2  Emitted  Fluid  Technique 

Fluids  for  flow  visualization  of  surface  streamlines  and  areas  of  separated  flow  have  been  used  success¬ 
fully  at  Douglas  Aircraft  (refs.  25  and  26),  and  at  Ames-Dryden  (ref.  27).  This  method  consists  of  emitting 
a  small  quantity  of  propylene  glycol  monomethyl  ether  (PGME)  containing  toluene-based  dye  out  of  small- 
diameter  surface  tubes  or  orifices  on  the  aircraft  skin  while  the  aircraft  is  stabilized.  The  flight  conditions 
are  held  constant  for  1-2  min  while  the  fluid  evaporates  and  the  dye  sets  or  dries.  The  dye  patterns  of  the 
surface  streamlines  and  separated  flow  regions  are  documented  by  photographing  the  surfaces  on  the  ground 
after  each  flight. 

An  example  of  surface  flow  visualization  technique  on  the  F-l  8  forebody  for  an  angle  of  attack  of  309 
is  shown  in  the  postflight  photographs  of  figure  15.  An  interpretative  cross-sectional  flow  model  (ref.  28) 
showing  the  structure  of  the  flow  about  the  forebody  for  symmetrical  flow  is  illustrated  in  figure  16.  Two 
primary  and  two  secondary  vortices  are  formed  on  the  leeward  side  with  the  separation  and  reattachment 
lines  noted.  As  can  be  seen  in  figure  15,  the  remaining  dye  from  this  technique  clearly  showed  the  surface 
flow  streamlines.  Where  the  streamlines  merged,  the  flow  lifted  from  the  surface  and  rolled  up  into  stream- 
wise  vortex  cores.  Along  the  streamlines  where  the  flows  merge,  the  separation  lines  for  the  vortices  were 
defined.  Both  the  primary  and  secondary  separation  lines  can  be  seen.  A  reattachment  line  on  top  of  the 
forebody  where  the  streamlines  diverge  is  also  noted. 

For  both  the  Douglas  and  Ames-Dryden  tests,  a  red  dye  was  used  with  a  white  painted  surface  for  good 
contrast.  One  data  point  was  obtained  per  flight  in  this  manner.  This  method  is  particularly  useful  when  a 
photo-chase  airplane  is  not  available  or  not  practical. 

A  similar  method  of  using  colored  ethylene  glycol  and  water  on  a  large  commercial  transport  has  been 
reported  (ref.  24).  The  liquid  was  mitted  from  small-diameter  tubes  distributed  upstream  of  the  surface 
under  study.  The  fluid  dispensing  cycle  took  approximately  10  min.  The  principal  data  acquisition  is  air- 
to-air  photography;  however,  ground  inspection  of  the  pattern  was  also  useful  to  observe  and  document 
small  details. 

2.3  Vortical  Flow  Visualization  Techniques 
2.3.1  Natural  Condensation  Flow  Visualization 

Flow  visualization  of  vortical  flow,  expansion,  and  shock  waves,  as  well  as  attached  and  separated  flows, 
can  sometimes  be  observed  in  flight  during  periods  of  high  humidity.  When  the  humid  air  expands  around 
an  airplane,  it  can  condense,  become  visible,  and  illustrate  certain  flow  patterns  such  as  wing  pressure  fields, 
wingtip  vortices,  and  shock  waves.  A  thorough  review  of  this  subject  with  clear  examples  of  the  phenomena 
is  given  in  reference  29.  No  electromechanical  or  pyrotechnic  devices  are  needed  except  the  photographic 
or  video  recorders. 

An  example  of  natural  condensation  flow  visualization  on  NASA’s  ,'ACT  F-  111  aircraft  showing  the 
spanwise  “gull”  pattern  over  the  swept  wing  and  the  wingtip  vortices  is  shown  in  figure  17  (ref.  29).  The 
high  velocities  and  low  pressure  over  the  F-l  1 1  wing  and  in  the  vortices  cause  the  static  air  temperature  to 
drop  and  raise  the  local  relative  humidity.  When  the  local  relative  humidity  becomes  high  enough,  vapor  in 
the  air  can  condense  and  become  visible. 
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Similarly,  flow  visualization  in  the  form  of  visible  vortices  due  to  natural  condensation  from  the  leading 
edge  extensions  (LEX)  on  the  F-18  high  alpha  research  vehicle  (HARV)  was  noted  on  some  of  the  initial 
flights.  These  vortices  (fig.  1 8)  were  documented  with  onboard  photography  with  the  flight  conditions  noted. 
Note  also  that  after  the  vortex  breaks  down,  the  vortex  flow  field  is  no  longer  visible. 

Natural  condensation  can  also  occur  in  flight  at  supersonic  speeds  (ref.  29).  Vortices  can  be  seen  trailing 
from  the  canard  tips  and  the  outer  wing  dihedral  break  of  the  XB-70  aircraft  (fig.  19).  Condensation  patterns 
are  also  visible  over  the  canopy  and  canard,  and  a  shock  pattern  can  be  seen  at  the  trailing  edge  elevon. 

2.3.2  Smoke  Generator  Systems 

Because  of  the  unreliability  of  natural  condensation  for  flow  visualization,  smoke  generator  systems  have 
been  developed  for  visualizing  vortical  flows  in  flight  (refs.  30-37).  Primarily  two  types  of  systems  have 
been  used,  a  cartridge  system  and  glycol  or  oil  vaporizer  system.  Smoke  generator  systems  commonly  used 
at  airshows  are  not  applicable  for  flight  research  since  these  systems  generally  inject  oil  into  the  exhaust 
of  the  engine  and  not  into  the  vortex  system  of  interest.  For  the  smoke  generator  systems  used  for  flight 
research,  smoke  is  emitted  from  a  duct  near  the  origin  of  a  vortex,  allowing  the  smoke  to  be  entrained  in 
the  vortex  and  permitting  a  view  of  the  vortex  path.  Three  systems,  one  cartridge-based  system  and  two 
vaporizer  systems,  are  discussed  as  follows. 

2.3.2.1  Smoke  cartridge  systems 

Cartridge-based  pyrotechnic  smoke  systems  have  been  used  on  aircraft  to  visualize  the  vortex  flow  on 
highly  swept  wings  and  leading  edge  extensions  (refs.  30  and  31).  Military  chemical  smoke  cartridges  were 
used  on  the  HP115  aircraft  (ref.  30)  to  visualize  the  vortex  on  the  highly  swept  wing.  A  single  smoke 
cartridge  and  tar  trap  were  mounted  externally  below  the  wing  near  the  apex  with  a  duct  from  the  tar  trap 
wrapping  around  the  wing  leading  edge  to  the  upper  surface. 

On  the  NASA  F-18  HARV,  a  smoke  generator  system  (ref.  3 1 )  was  developed  that  uses  smoke  cartridges 
(fig.  20)  designed  for  this  application  by  the  U.S.  Army  Chemical  Research,  Development,  and  Engineering 
Center,  in  Aberdeen,  Maryland.  This  system  is  described  in  detail  in  a  proposed  publication.1  The  smoke 
cartridges  are  6. 1  cm  (2.4  in.)  in  diameter  and  1 1 .9  cm  (4.7  in.)  long  and  were  designed  to  produce  nontoxic 
smoke  at  a  high  rate  while  minimizing  fire,  detonation  or  handling  hazards.  The  smoke  generator  system 
has  been  designed  into  two  separate  housings,  one  of  which  is  shown  in  figure  21.  Each  housing  contains 
six  cartridges  and  fits  within  the  fuselage  of  the  aircraft.  To  ensure  a  safe  system,  each  cartridge  is  contained 
within  a  stainless  steel  cylinder  with  a  pressure  relief  to  external  louvers  in  the  event  of  high  unexpected 
pressures.  The  cartridges  are  temperature  controlled  at  27°C  (80°F)  during  flight  to  ensure  reliable  firing. 
The  six  cylinders  in  each  housing  are  manifolded  to  a  common  2.54  cm  (1  in.)  diameter  duct  that  exits  on 
either  the  upper  LEX  surface  near  the  apex  or  on  the  aircraft  noseconc.  Ducting  lengths  up  to  3  m  (9  ft)  have 
been  used  successfully  in  flight. 

The  smoke  cartridge  system  selected  for  the  F-18  aircraft  provided  a  rapid  and  dense  smoke  production 
rate  for  minimal  packaging  and  power  requirements  compared  to  other  concepts.  Multiple  packaging  allows 
from  one  to  six  cartridges  to  be  ignited  simultaneously,  offering  a  wide  range  in  smoke  production  rates. 

Because  the  smoke  from  this  system  is  white,  the  upper  surface  of  the  F-18  HARV  was  painted  a  flat 
black  trimmed  in  gold  for  good  photographic  contrast.  Four  video  cameras  and  one  35  mm  camera  (fig.  22) 
were  installed  on  the  F-18  airplane  to  document  the  results  during  day  flights. 

Typical  examples  of  flow  visualization  of  the  LEX  vortices  on  the  F-l  8  HARV  using  the  cartridge  smoke 
system  are  shown  in  figure  23.  As  the  angle  of  attack  increases,  the  breakdown  location  moves  forward. 
An  advantage  that  the  smoke  has  over  natural  condensation  is  that  the  smoke  persists  beyond  the  vortex 
breakdown  location. 

1  Proposed  NASA  Technical  Memorandum.  A  Smoke  Generator  System  for  Aerodynamic  Flight  Research,  by  David  M.  Rich- 
wine,  Robert  E.  Curry,  and  Gene  V.  Tracy. 
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The  cartridge  smoke  system  provided  visible  smoke  using  two  cartridges  at  a  time  at  speeds  from  100 
to  140  knots.  At  speeds  up  to  Mach  0.6,  three  cartridges  were  necessary.  The  cartridges  ignited  reliably  at 
altitudes  as  high  as  9100  m  (30,000  ft).  There  was  a  time  delay  of  10  and  30  sec  between  ignition  and  useful 
smoke  production.  Once  started,  a  steady  stream  of  useful  smoke  could  be  expected  for  30  sec  when  using 
two  or  more  cartridges.  The  vortex  breakdown  data  using  the  F- 18  smoke  generator  system  showed  close 
agreement  with  the  natural  condensation  data.  The  breakdown  location  for  the  LEX  vortex  as  a  function 
of  angle  of  attack  (fig.  24)  shows  good  agreement  using  either  natural  condensation  or  smoke  techniques. 
This  correlation  indicates  that  the  injection  of  smoke  and  the  external  duct  did  not  perturb  the  flow  field 
significantly  to  alter  the  vortex  breakdown  location. 

2.3.2.2  Glycol  vaporizers 

Researchers  at  the  NAS  A  Langley  Research  Center  have  developed  a  smoke  system  in  which  propylene 
glycol  is  vaporized  into  a  white  smoke  with  electric  heaters  on  an  F-  106B  aircraft  (refs.  32  and  33).  Propylene 
glycol  is  pumped  to  the  vaporizer  containing  six  1000-W  heaters  from  an  11.4-L  (3  gal)  tank  onboard  the 
airplane.  From  the  vaporizer,  the  glycol  vapor  passes  through  an  insulated  and  heated  pipe  to  an  uninsulated 
probe  tip  mounted  slightly  below  the  wing  near  the  wing  leading  edge-fuselage  junction.  This  system 
provided  smoke  for  approximately  1  hr.  The  persistence  of  the  propylene  glycol  smoke  from  the  F-106B 
during  a  day  flight  is  shown  in  figure  25. 

This  system  was  usually  flown  at  night  with  a  mercury-arc  lamp  light  sheet  system  illuminating  a  nearly 
perpendicular  cut  through  the  vortex  core.  The  light  sheet  system  was  mounted  in  the  midfuselage  (fig.  26). 
Documentation  was  provided  by  a  video  camera  mounted  near  the  cockpit.  While  the  F-106B  aircraft  wing 
was  bare  aluminum,  the  authors  recommend  a  flat  black  paint  for  improved  photographic  contrast. 

An  example  of  flow  visualization  using  the  glycol  vaporizer  and  the  light  sheet  system  on  the  F-106B 
airplane  during  a  night  flight  is  shown  in  figure  27(a).  The  view  is  from  the  video  camera  near  the  cockpit 
looking  aft  at  the  left  wing.  The  light  sheet  system  illuminates  just  a  slice  through  the  vortices. 

The  black  and  white  videotape  data  using  the  light  sheet  at  night  on  the  F-  106B  aircraft  was  enhanced  by 
the  image  processing  laboratory  at  NASA’s  Langley  Research  Center  (ref.  33).  Examples  of  the  enhanced 
photos  from  the  same  data  as  figure  27(a)  are  shown  in  figure  27(b).  Ir  the  enhanced  photos,  the  core  and 
flow  direction  can  be  readily  identified. 

2.3.2.3  Corvus  oil  vaporizers 

Corvus  oil  smoke  generators  were  used  by  Ames-Dryden  in  the  early  1970s  to  mark  the  wake  vortices 
of  commercial  transports  (refs.  34-37).  The  smoker  generators  were  used  from  near  ground  level  (2300  ft; 
700  m)  up  to  altitudes  of  12,500  ft  (3800  m).  A  photograph  of  the  unit  mounted  on  the  wing  of  a  B-747  is 
shown  in  figure  28. 

These  units  are  commercially  available  in  two  configurations  from  Frank  Sanders  Aircraft,  Chino,  Cal¬ 
ifornia.  One  unit  is  designed  to  replace  a  sidewinder  missile  while  the  other  fits  on  the  14-in.  NATO  bomb 
rack.  The  system  contains  3.8  L  (1.0  gal)  of  fuel  (gasoline)  and  38-45  L  (10-12  gal)  of  corvus  oil  and  pro¬ 
vides  10-12  min  of  smoke.  Fuel  is  pumped  to  a  nozzle  in  a  combustor  where  it  is  mixed  with  regulated  ram 
air.  A  capacitor  discharge  ignition  source  charges  a  coil  to  fire  a  spark  plug,  ignite  the  fuel-air  mixture,  and 
provide  heat  to  vaporize  the  corvus  oil.  Oil  is  pumped  to  a  baffled  mixing  chamber  where  it  is  vaporized  and 
discharged  as  smoke  at  the  tail  of  the  unit.  The  system  can  be  cycled  on  and  off.  White  smoke  is  obtained 
using  corvus  oil,  while  colored  smoke  can  be  obtained  by  using  diesel  fuel  mixed  with  dye.  The  white 
smoke  is  the  most  brilliant.  Since  the  unit  bums  gasoline  and  ram  air  to  generate  heat,  the  performance  of 
the  system  is  affected  by  altitude. 

The  sidewinder  missile  configuration  is  3,33  m  (131  in.)  long,  0.184  m  (7.25  in.)  in  diameter,  and 
weighs  about  991  kg  (200  lb)  when  full.  The  bomb  rack  configuration  is  2.04  m  (80.5  in.)  long,  has  a 
diameter  of  0.25  m  (10  in.),  and  weighs  about  54  kg  (120  lb)  when  full.  The  system  requires  12.5  A  of 
28  V  dc  electrical  power. 
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An  example  of  the  system  in  operation  on  the  B-747  is  shown  in  figure  29.  Kurkowski  and  others  (ref.  36) 
note  that  with  the  smokers  operating  at  peak  performance,  the  vortex  marking  smoke  could  be  discerned  at 
approximately  5.6-7.4  km  (3-4  n.  mi.)  behind  a  B-727  in  the  landing  configuration,  allowing  intentional 
vortex  penetrations  by  various  probe  aircraft. 

3.  Flow  Visualization  Recording  and  Time  Correlation 

Equally  as  important  to  flow  visualization  as  making  the  flow  visible  or  observing  changes  in  flow 
indicators  is  the  recording  of  results.  Good  photographic  or  video  coverage  of  the  flow  visualization  having 
time  correlation  with  the  known  test  conditions  is  necessary  to  properly  document  the  results.  For  example, 
four  video  cameras  and  one  35  mm  camera  were  mounted  on  the  F-18  HARV  (fig.  22)  to  document  the 
visualization  of  the  LEX  and  forebody  vortices.  Two  of  the  video  signals  are  telemetered  to  a  ground  station 
for  recording  and  display  in  real  time  to  a  control  room.  The  other  two  video  signals  are  recorded  onboard. 
The  35  mm  camera  can  be  operated  by  either  the  pilot  or  an  observer  in  the  ground  station  to  record  the  results 
during  a  test  point.  A  telemetered  event  mark  signal  is  recorded  for  each  35  mm  photo  for  time  correlation. 

Onboard  documents  'on  is  usually  the  most  effective  if  the  proper  viewing  angle  is  available.  Chase 
photos  usually  do  not  provide  such  close  time  correlation,  are  difficult  to  obtain  during  rapid  maneuvers 
such  as  wind-up  turns,  and  usually  provide  poor  viewing  angles  from  inside  the  chase  plane  canopy. 

4.  DISCUSSION  OF  TECHNIQUES 

The  various  in-flight  flow  visualization  techniques  are  summarized  in  table  1.  The  systems  are  catego¬ 
rized  by  use,  hardware,  number  of  test  points  per  flight  and  description,  and  ground  or  in-flight  documenta¬ 
tion.  The  applicable  references  for  each  method  are  also  listed. 

4.1  Boundary  Layer  Transition  and  Shock  Visualization  Techniques 

Four  methods  of  detecting  boundary  layer  transition  from  laminar  to  turbulent  flow  arc  given.  Two  of 
the  methods  (oil  flows  and  liquid  crystals)  can  also  be  used  to  visualize  shocks.  Except  for  the  sublimating 
chemical  technique,  all  require  in-flight  documentation.  They  are  all  relatively  simple  except  for  IR  imaging 
which  requires  extensive  hardware,  including  a  liquid  nitrogen-cooled  imager  and  display.  IR  imaging  is 
the  only  nonintrusivc  method,  however.  Most  of  the  methods  are  dependent  on  the  differential  temperatures 
of  the  laminar  and  turbulent  boundary  layers  and  work  best  when  the  surface  is  insulated  from  heat  sinks, 
such  as  with  a  fiberglass  glove.  Oil  flows  are  limited  to  altitudes  of  approximately  7600  m  (25,000  ft), 
liquid  crystals  to  about  10,700  m  (35,000  ft),  IR  imaging  to  about  5500  m  (18,000  ft),  while  sublimating 
chemicals  have  been  used  as  high  as  16,800  m  (55,000  ft).  The  IR  imaging  limit  is  for  an  unpressurized 
instrumei.  ation  compartment,  but  it  could  be  used  at  higher  altitudes  with  pressurization  and  special  IR- 
compatible  viewing  ports. 

Liquid  crystals  are  currently  the  most  widely  used  method  of  detecting  the  laminar  to  turbulent  tran¬ 
sition  location  through  flow  visualization.  These,  in  general,  provide  favorable  results  and  are  capable  of 
continuously  and  quickly  reacting  to  flow  changes,  allowing  multiple  test  points  to  be  obtained  per  flight. 
However,  several  precautions  need  to  be  taken  when  using  them.  Insects  and  dust  in  greater  amounts  tend  to 
adhere  to  glove  surfaces  coated  with  liquid  crystals  than  on  uncoated  surfaces,  potentially  causing  premature 
transition  and  contaminating  test  results.  Uneven  thickness  in  the  liquid  crystal  coat  can  cause  changes  of 
color  of  the  liquid  crystal  pattern,  interfering  with  interpretation  of  the  patterns.  Also,  at  high  unit  Reynolds 
number,  the  presence  of  the  liquid  crystal  coat  can  move  the  transition  location  forward. 

4.2  Flow  Direction  and  Boundary  Layer  Separation  Visualization  Techniques 

Two  methods  of  detecting  surface  flow  direction  and  boundary  layer  separation  arc  listed.  The  flow 
cone-tuft  technique  is  much  simpler  than  the  emitted  fluid  method  and  provides  multiple  test  points,  but 
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does  require  in-flight  documentation.  The  emitted  fluid  technique  is  much  more  complicated,  requires  sta¬ 
bilized  test  points  of  1-2  min,  but  can  produce  good  results  when  in-flight  documentation  is  not  available 
or  practical. 

For  the  surface  flow  visualization  methods  using  oils,  liquid  crystals,  sublimating  chemicals,  and  fluid, 
the  surface  needs  to  be  cleaned  of  all  dirt,  grease,  or  oil  prior  to  application.  Gaps  and  joints  in  the  aircraft 
skin  should  be  sealed  or  taped.  Many  of  these  techniques  use  solvents  and  toxic  chemicals,  so  proper  clothing 
and  adequate  ventilation  should  be  used. 

4.3  Vortical  Flow  Visualization  Techniques 

Natural  condensation  flow  visualization  can  be  useful,  especially  in  leading  researchers  to  areas  of  in¬ 
terest,  particularly  with  respect  to  vortical  flows.  However,  it  is  difficult  to  predict  when  it  might  occur, 
especially  for  flight  planning.  It  is  usually  advantageous,  especially  with  the  study  of  vortical  flows. 

Three  different  types  of  smoke  generator  systems  are  noted  for  visualizing  vortical  flows  in  the  absence 
of  natural  condensation.  All  three  systems  require  fairly  extensive  hardware  installations.  The  cartridge 
system  and  the  corvus  oil  vaporizer  supply  the  largest  quantities  of  smoke  for  relatively  short  periods,  while 
the  glycol  vaporizer  can  provide  smoke  for  up  to  1  hr.  Both  the  cartridge  system  and  the  glycol  vaporizer 
can  he  mounted  internally  and  ducted  to  the  exit  port.  All  three  methods  require  that  certain  precautions  be 
taken  to  make  them  safe  for  flight  research. 

5.  CONCLUDING  REMARKS 

In-flight  flow  visualization  has  been  shown  to  be  useful  in  the  understanding  of  fluid  mechanics.  It 
provides  a  global  view  of  the  airflow  and  is  sometimes  the  only  way  the  data  can  be  obtained.  1  he  re¬ 
sults  of  using  ten  different  methods  of  flow  visualization  for  flight  research  can  be  summarized  as  follows: 
oil  flows,  liquid  crystals,  and  sublimating  chemicals  are  useful  flow  visualization  techniques  for  detecting 
boundary  layer  transition  from  laminar  to  turbulent  flow.  Infrared  imaging  is  a  new  unintrusive  technique 
for  detecting  transition  but  requires  extensive  hardware.  Only  sublimating  chemicals  do  not  require  in-flight 
documentation,  however,  each  flight  yields  data  for  only  one  test  condition. 

Flow  direction  and  separation  can  be  determined  using  flow  cones,  tufts,  and  the  emitted  fluid  flow  visu- 
a.  nation  techniques.  Row  cones  and  tufts  can  provide  data  during  dynamic  maneuvering,  thereby  requiring 
in-flight  documentation.  Stabilized  test  conditions  from  1-2  min  and  extensive  hardware  are  needed  for  the 
emitted  fluid  technique,  and  only  one  test  condition  per  flight  can  be  documented. 

For  visualizing  vortex  flows,  three  smoke  generator  systems  are  available  but  all  require  fairly  extensive 
hardware  installations. 

Natural  condensation  is  essentially  free  and  can  be  useful  for  the  flow  visualization  of  vortices  and  shocks 
and  for  leading  researchers  to  areas  of  interest. 

The  knowledge  of  the  test  flight  conditions  is  nearly  as  important  as  the  flow  visualization  itself  irre¬ 
spective  of  the  technique  used. 
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(a)  Glove  test  section  with  oil. 
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(b)  Pressure  distribution  for  glove  test  section  with  oil. 

Figure  1.  F-lll  TACT  glove  test  section  upper  surface  oil  flow  photograph  ind  pressure  distribution, 
M  =  0.85 ,  a  =  4  .7°,  and  A  =  25°. 


(a)  Glove  test  section  with  oil. 
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(b)  Pressure  distribution  for  glove  test  section  with  oil. 

Figure  2.  F- 1 1 1  TACT  test  section  upper  surface  oil  flow  photograph,  pressure  distribution,  and  boundary 
layer  thickness,  Af  =  0.83,  a  -  4 .9°,  and  A  =  16°. 
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(c)  Determination  of  transition  location  using  forced  transition  locations. 
Figure  2.  Concluded. 
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(a)  Sawtooth  pattern  near  wing  leading  edge. 

Figure  3.  Examples  ofliquid  crystal  patterns. 
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(b)  Uniform  line  pattern  near  midchord. 

Figure  3.  Concluded. 
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Figure  4.  Comparison  of  transition  locations  deter¬ 
mined  by  hot-film  and  liquid  crystal  techniques. 
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(a)  Low-altitude  data 

Figure  5.  Comparison  of  transition  locations  deter¬ 
mined  by  hot-film  technique  with  and  without  liq¬ 
uid  crystals  on  glove  surface. 
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O  Without  liquid  crystals 
□  With  liquid  crystals 


Figure  5.  Concluded. 
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Figure  6.  Effect  of  target  tempera'ure  on  minimum  detectable  temperature  gradient  of  IR  imager. 
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Figure  9.  Results  of  IR  imaging  from  T-34C  wing  glove  during  night  flight,  Vi-  210  knots. 
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Figure  10.  Postflight  example  of  sublimating  chemical  technique  on  the  black  painted  F-104  left  wing, 
phenanthrene;  Mma%  =  1 .8,  hv  =  16,200  m  (53,000  ft). 
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(b)  Head-on  view  of  forebody. 
Figure  15.  Concluded. 
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Figure  17.  Wing  “guU”  pattern  and  lip  vortices  on  the  F-lll  TACT  aircraft,  =  0.82,  a  =  6 


Figure  16.  Model  of  flow  about  forebody,  symmetrical  flow  (cross-sectional  view). 


20-26 


EC  87  0160-026 

Figure  1 8.  Natural  condensation  of  LEX  vortices  on  the  F- 1 8  H  ARV  aircraft,  a  =  19 .2  ° 
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Figure  19.  Condensation  patterns  on  the  XB-70  aircraft  at  supersonic  speed. 
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Figurc21.  F-18  HARV  smoke  generator  system  (heater  blanket  removed). 
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Figure  20.  F-18  HARV  smoke  cartridges. 

(a)  15 .0°  angle  of  attack. 
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Figure  23.  Examples  of  in-flight  flow  visualization  with  smoke  generator  system  on  F-l  8  HARV,  view  from 
wingtip  camera. 
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(b)  20 .8°  angle  of  attack. 


(c)  34  .6  °  angle  of  attack. 
Figure  23.  Concluded. 
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Figure  24.  LEX  vortex  breakdown  location  variation  with  angle  of  attack 


Figure  25.  Persistence  of  p'noyicne  glycol  smoke  from  F-106B  aircraft. 
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Figure  26.  In-flight  leading-edge-vortex  How  visualization  system  on  F-106B  aircraft. 


(a)  Without  digital  enhancement. 
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(b)  With  digital  enhancement. 

Figure  27.  Vapor-scrccn  images  without  and  with  digital  enhancement  from  F-106B  aircraft.  =  04. 
Rn  =  30  x  106,  Zip  =  25,000  ft,  1-9  maneuver. 
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Figure  28.  Corvus  oil  vaporizer  mounted  on  B-747  aircraft  wing. 
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Figure  29.  B-747  aircraft  wake  vortex  patterns  using  corvus  oil  vaporizers. 
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SUMMARY 

Testing  military  systems  in  peacetime  to  determine  their  ability  to  successfully  operate  in  a  combat 
environment  has  been  done  for  years.  Some  of  the  tough  lessons  learned  on  the  battlefield  and  in  the 
skies  during  wartime  can  be  examined  in  the  laboratory  to  help  assure  that  new  systems  do  not  incorporate 
the  shortcomings  of  those  of  the  past.  Live  Fire  Testing  (LFT)  of  aircraft,  that  is,  actual  ballistic 
testing  of  full  scale  aircraft/aircraft  subsystems,  can  be  performed  to  evaluate  their  ability  to  resist 
or  tolerate  battle  damage.  This  testing,  combined  with  analytical  tools,  can  assist  the  designer  in 
assuring  that  his  aircraft  incorporates  optimum  protection  for  the  system  and  crew  at  minimum  weight. 
Events  such  as  a  fuel  or  hydraulic  fire  in  flight,  hydraulic  ram  damage  due  to  a  tumbling  projectile 
in  a  fuel  tank,  or  synergistic  effects  such  as  bleed  air  enhancing  a  dry  bay  fire  are  extremely  difficult 
to  analyze.  Live  fire  testing  allows  evaluation  of  these  and  other  effects  and  allows  a  check  of  vulner¬ 
ability  analyses  that  have  been  performed.  It  also  provides  an  effective  tool  for  evaluation  of  Aircraft 
Battle  Damage  Repair  (ABDR)  techniques. 


I.  INTRODUCTION 

Threat  forces  facing  the  U.S.  military  are  continually  improving  the  quality  of  their  equipment. 

This  upgraded  equipment,  plus  a  numerical  advantage,  is  forcing  the  U.S.  to  improve  the  readiness  and 
sustainability  of  its  combat  forces.  The  deployment  of  combat  survivable  aircraft  and  preparation  for 
efficient  battle  damage  repair  are  two  effective  ways  of  decreasing  the  cost  of  maintaining  a  superior 
combat  ready  force.  The  high  cost  of  today's  systems,  plus  the  continuing  need  to  protect  aircrews, 
requires  an  accurate  assessment  of  aircraft  vulnerability  be  made. 

Traditionally,  aircraft  vulnerability  assessments  rely  on  analytical  methods.  The  high  cost  and 
destructive  nature  of  ballistic  testing  to  determine  aircraft  vulnerability  have  generally  constrained 
such  testing  to  components  and  small  subsystems.  These  tests  can  help  validate  many  elements  of  the 
analytical  methodologies.  Analytical  techniques,  though  used  extensively,  do  not  always  model  the 
complex  processes  which  occur  during  ballistic  impact  and  rarely  capture  synergistic  or  seondary  effects. 

For  a  truly  accurate  vulnerability  assessment  to  be  made  on  aircraft,  analyses  must  be  supplemented  with 
full  scale  ballistic  testing. 

The  design  of  the  live  fire  test  depends  on  the  mission  of  the  aircraft,  its  design  features,  and 
the  confidence  in  existing  vulnerability  estimates.  The  confidence  in  existing  estimates  depends,  to  a 
large  extent,  on  prior  ballistic  test  data  on  similarly  configured  systems  at  similar  test  conditions . 

A  subsystem,  deemed  to  have  a  high  vulnerability,  may  not  require  testing  if  sufficient  evidence  exists 
to  allow  confidence  in  its  analytically  predicted  vulnerability.  Of  course,  the  consequences  of  that 
high  vulnerability  must  be  recognized  and  acceptable.  If  however,  there  is  little  confidence  in  the 
prediction  and/or  a  method  is  sought  to  reduce  that  vulnerability,  full  scale  ballistic  tests  may  be 
warranted.  The  mission  of  the  aircraft  will  define  the  threat(s)  to  be  used  and  the  test  conditions. 

To  ensure  applicability  of  the  data  and  to  maximize  the  use  of  expensive  test  assets,  test  conditions 
are  chosen  which  avoid  severe  threat  over  or  under  match. 

Live  fire  tests  are  designed  to  examine  areas  of  maximum  uncertainty,  areas  of  highest  sensitivity 
to  crew  and  system  survivability,  and  areas  of  possible  synergism  and  secondary  effects,  while  conserving 
test  and  target  resources  which  are  generally  severely  constrained. 

The  U.S.  currently  has  two  major  initiatives  underway  in  the  live  fire  test  area.  The  Joint  Live  Fire 
Program  (JLF),  started  in  1984,  has  a  primary  objective  to  gather  empirical  data  on  the  vulnerability  of 
currently  fielded  U.S.  systems  to  foreign  weapons  and  to  provide  insight  into  design  changes  that  may  be 
necessary  to  reduce  their  vulnerabilities.  The  Live  Fire  Test  (LFT)  Legislation,  effective  in  1987, 
states  that  all  major  new  weapons  systems  must  be  tested  for  vulnerability  of  the  system  in  combat  by 
firing  munitions  likely  to  be  encountered  in  combat.  These  tests  are  required  sufficiently  early  in  the 
development  phase  of  the  system  to  allow  any  design  deficiency  demonstrated  by  the  testing  to  be  corrected. 

II.  APPROACH  TO  LIVE  FIRE  TESTING 

Aircraft  live  fire  testing  can  be  considered  a  detailed  laboratory  examination  of  a  sequence  of 
snapshots  of  an  aircraft  in  combat  at  the  time  of  a  ballistic  impact.  The  design  of  the  live  fire 
experiment  depends  on  the  desired  output  of  this  sequence  of  snapshots.  It  should  be  remembered  that 
live  fire  test  is  only  a  tool,  and  an  expensive  one,  used  to  arrive  at  a  confident  estimate  of  an  air¬ 
craft's  vulnerability.  The  scope  of  the  test  can  and,  since  it  is  so  expensive,  should  be  custom 
tailored  to  complement  any  other  existing  analyses  and  test  data  to  arrive  at  an  acceptable  confidence 
level  (Figure  1). 
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Figure  1.  Relationship  of  Analysis,  Prior  Test  Data,  and  LFT 
11.1  DETERMINATION  OF  OBJECTIVE 

The  objective  of  the  particular  live  fire  test  must  be  thoroughly  considered  prior  to  any  test 
initiation.  Live  fire  can  be  used  to  explore  the  upper  limits  of  an  aircraft's  battle  damage 
tolerance,  evaluate  ballistic  response  to  a  vypical  set  of  threat  projectiles  or  missiles,  or  proof 
test  vehicle  protection  concepts.  The  objective  of  the  test  narrows  the  choice  of  a  wide  variety  of 
possible  test  conditions.  An  evaluation  of  maximum  battle  damage  tolerance  requires  that  highly 
damaging  threats  be  used  and  test  conditions  be  tailored  to  match  those  critical  for  the  aircraft. 

To  examine  critical  vulnerability  conditions  for  a  fighter  wing,  for  example,  the  test  might  require 
a  limit  load  be  applied  to  the  wing,  a  stoichiometric  mixture  of  fuel  and  air  exist  in  the  wing  fuel 
tank,  and  testing  be  conducted  with  a  medium  -aliber  high  explosive  (HE)  projectile.  A  similar  test 
at  "typical"  conditions  would  probably  incorporate  a  lower  load  with  a  fuel/air  mixture  determined  by 
typical  aircraft  fuel  temperature  and  quantity,  using  a  small  HE  or  armor  piercing  (AP)  projectile.  The 
probability  of  catastrophic  damage  is,  of  course,  less  likely  in  the  second  case.  A  comparison  of  the 
results  of  typical  versus  critical  conditions  can  be  seen  in  Figure  2. 


Figure  2(a).  Catastrophically  Damaged  Wing 
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Figure  2(b).  Wing  with  Typical  Ballistic  Damage 


11.2  SELECTION  OF  TEST  THREATS  AND  S HOTLINES 

The  mission(s)  of  the  aircraft  will  define  the  threats  to  which  it  will  be  exposed  and,  therefore, 
evaluated.  Aircraft  designed  for  close  air  support  (CAS)  will  likely  be  exposed  to  a  different  set  of 
threats  than  a  cargo  aircraft  -  although  some  may  be  the  same.  Typical  projectile  threats  are  shown  in 
Figure  3.  The  mission  of  the  aircraft,  together  with  the  objective  of  the  test,  further  narrows  the 
choice  of  test  conditions. 


Figure  3.  Various  Test  Projectiles 

The  selection  of  shotlines  for  a  live  fire  test  depends,  to  a  large  extent,  on  engineering  judgement 
applied  to  computer  engagement  simulation  results,  combat  data,  and  test  hardware  availability.  At  first 
glance,  a  selection  of  random  shotlines  appears  to  be  an  ideal  approach;  however ,  having  enough  hardware 
to  obtain  sufficient  data  on  questionable  areas  may  be  economically  prohibitive.  Combat  hit  data  on 
other  similar  aircraft  is  useful,  but  likely  will  not  be  extensive  enough  to  fully  define  shotlines  for  a 
newer  aircraft.  Care  must  also  be  exercised  in  interpreting  combat  data.  For  example,  a  lack  of  impact 
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data  on  a  particular  area  of  an  aircraft  may  indicate  no  hits  were  made  in  that  area  (low  suscepibility) 
or  that  it  is  an  area  of  particularly  high  vulnerability  (aircraft  was  lost).  (See  Figure  4.) 


Figure  4.  Hit  Plot  on  an  Aircraft  Showing  Typical  Impact  Locations 

Many  times  there  are  issues  of  particular  interest  (e.g.,  low  confidence  in  the  vulnerability  assess¬ 
ment  of  a  particular  subsystem)  which  require  test  data  to  resolve.  It  may  be  necessary  to  conduct  tests 
to  study  cause/effect  relationships.  For  example,  determination  of  hydraulic  fluid  flammability  requires 
repeated  impacts  into  realistically  pressurized  lines  at  operational  temperatures,  flow  rates,  etc.  The 
U.S.  and  U.K.  recently  cooperated  on  a  hydraulic  fluid  flamnabi 1 ity  evaluation.  The  U.K.  tested  various 
fluids  at  static  conditions  while  the  U.S.  tested  similar  fluids  incorporating  airflow  conditions  with 
velocities  up  to  400  kts.  Figure  5  shows  the  test  setup  used  to  evaluate  the  fluid  flammability  under 
airflow  conditions. 


Figure  5.  Setup  for  Evaluation  of  Hydraulic  Fluid  Flammability 
11.3  COMPONENTS  VS  COMPLETE  AIRCRAFT  TESTING 

The  subject  of  component  vs.  complete  full  size  aircraft  testing  can  generate  considerable 
controversy.  The  U.S.  LFT  legislation  previously  mentioned  states  that  the  test  for  vulnerabil i ty  is  to 
be  performed  on  the  system  configured  for  combat,  that  is,  loaded  with  all  dangerous  materials  (includ¬ 
ing  flammables  and  explosives)  that  would  normally  be  on  board  in  combat.  With  unlimited  resources,  in 
order  to  comply  with  the  legislation,  one  could  design  a  series  of  tests  to  perform  on  several  complete 
aircraft  assuming,  of  course,  that  the  test  hardware  would  be  available.  A  realistic  approach  to  LFT 
requires,  however,  that  a  method  be  adopted  which  conserves  funds  and  test  articles.  Often,  with  aircraft 
costing  many  millions  of  dollars,  obtaining  sufficient  hardware  to  test  is  the  most  difficult  part  of  the 
process.  During  the  development  process,  an  approach  which  Includes  evaluation  of  critical  components  and 
subassemblies  (Figure  6)  as  they  become  available  will  help  prevent  surprises  later. 


T.'yure  5.  F-15  Wing  Assembly  Ready  for  Test 


Occassionally,  testing  a  replica  of  the  target  before  evaluating  the  actual  aircraft  component/ 
subassembly  is  cost  effective.  A  replica  test  article  is  gencraMy  a  full  scale  duplicate  of  the 
aircraft  component  or  subassembly  in  question.  It  does  not  usually  include  all  of  the  expensive  (but 
usually  non-essential  from  a  vulnerability  standpoint)  features  of  the  aircraft,  like  chemically 
milled  skin  materials.  It  could  be  an  expendable,  simple  sheetmetal  model  or  a  steel  frame  with 
easily  replaceable  skins  and  internal  parts.  Use  of  a  replica  may  cause  some  loss  in  test  fidelity,  but 
generally  allows  collection  of  a  large  amount  of  good  data  at  a  relatively  low  cost.  Over  ten  years  ago, 
a  replica  of  an  A-10  winy  was  built  by  the  Air  Force  to  evaluate  fire  probability.  See  Figure  7.  Its 
replaceable  wing  skin  material  allows  its  use  today  to  evaluate  ballistic  impact  effects  on  composite 
materials. 


Figure  7.  A-10  Wing  Replica  Used  in  Vulnerability  Tests 

The  size  of  the  test  article  depends  on  the  requirement  for  realism,  threat  size,  and  the  expected 
results.  Obviously,  to  understand  the  effects  of  a  given  caliber  HE  projectile  on  an  aircraft  requires 
a  larger  target  than  a  similar  size  AP  projectile.  When  evaluating  secondary  or  synergistic  effects,  it 
is  necessary  to  make  the  target  large  enough  to  capture  all  of  the  primary  damage  effects  plus  any  other 
effects  which  could  also  occur. 

When  possible,  test  targets  may  be  previously  used  developmental  test  hardware  such  as  static  or 
fatigue  test  articles.  Developmental  ground  or  flight  test  aricraft  can  usually  be  modified,  for 
vulnerability  evaluation  purposes,  to  match  the  operational  aircraft.  Salvaged  crash  aircraft  or 
otherwise  damaged  assemblies,  production  rejects,  or  surrogates  can  sometimes  be  used,  depending  on 
similarity  to  the  production  article  and  the  severity  of  any  damage  (see  Figure  8).  An  ideal  live  fire 
program  may  contain  a  replica  target  to  collect  vulnerability  data  at  several  test  conditions,  a 


surrogate  target  to  examine  effects  on  installed  components  such  as  hydraulic  lines,  and  an  actual  aircraft 
assembly  to  be  used  for  proof  testing. 


Figure  8.  Photos  of  Salvaged  F-15  Test  Hardware 

11.4  TEST  SET-UP 

Setting  up  for  aircraft  live  fire  testing  requires  consideration  of  the  test  parameters  which  are 
necessary  to  duplicate  for  realism.  See  Figure  9.  The  environment  in  which  the  test  is  performed  can 
significantly  impact  the  results  and  must  be  modeled  carefully.  For  example,  a  ballistic  impact  into 
a  static  filled  fuel  cell  will  often  result  in  a  fire.  A  repeat  of  the  test  with  a  representative  300  kts. 
airflow  across  the  impact  surface  will  likely  result  in  no  fire. 

Some  of  the  more  important  parameters  to  consider  for  a  successful  simulation  are: 

(a)  Threat  -  projectile:  caliber,  type  (high  explosive,  armor  piercing,  etc.),  impact  velocity, 
fuzing,  obliquity,  etc.;  fragmenting  warhead:  standoff  distance,  fragment  mass,  material,  density, 
velocity,  shape,  etc. 

(b)  Fuel/Fuel  System  -  amount,  type,  temperature,  pressure,  volume,  depth,  impact  direction,  airflow 
velocity,  etc. 

(c)  Flight  Controls/Hydraulics  -  control  surface  load,  tubing  material  and  size,  hydraulic  fluid 
type,  *emperature  and  pressure,  flow  rate,  accumulator  size,  impact  bay  size  and  clutter,  etc. 

(d)  Propulsion/Fuel  Ingestion  -  engine  operating  parameters,  shielding,  fuel  ingestion  modeling 
parameters  (inlet  pressure,  temperature,  mass  flow  rate,  and  fuel  tank  pressure),  etc. 

(e)  Structure  -  aerodynamic  load,  obliquity,  fuel  amount  and  depth  (hydraulic  ram),  etc. 
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Figure  9.  Aircraft  Ready  for  Test  at  the  Naval  Weapons  Center 

Specialized  facilities  for  live  fire  testing  exist  in  each  of  the  U.S.  Armed  Services.  Air 
Force's  Aircraft  Survivability  Research  Facility  (ASRF)  has  been  used  for  live  fire  type  testing  since 
the  Southeast  Asia  conflict  era  and  has  seen  testing  on  the  Air  Force  A-7,  F-4,  A-10,  and  F-lll  as  well 

as  developmental  testing  on  vulnerabil ity  assessment  and  reduction  technology.  The  ASRF  is  located  at 

Wright  Patterson  AFB,  Ohio.  Similarly  the  Navy's  Weapon  Survivability  Laboratory  (WSL)  at  the  Naval 
Weapons  Center,  California  has  been  involved  in  vulnerability  research  for  over  twenty  years  and  has  been 
used  for  evaluation  of  such  systems  as  the  F-4,  A-4,  A-7,  and  F-14.  The  Army  operates  aircraft  live  fi*-e 

test  facilities  at  Aberdeen  Froving  Ground,  Maryland  and  Ft.  Eustis,  Virginia.  While  these  are  not  all 

the  aircraft  vul nerabil ity  test  facilities  available  in  the  U.S.,  the  four  mentioned  here  can  be  seen  in 
Figure  10. 


Figure  10.  Four  U.S.  Vulnerabi 1 i ty  Test  Facilities 
111.  AIRCRAFT  BATTLE  DAMAGE  REPAIR  ( ABDR ) 

Live  fire  testing  provides  a  unique  opportunity  to  i nspect,  assess ,  repair,  and  evaluate  the  repair 
of  actual  con-bat  damage  on  aircraft.  In  the  recent  past,  much  of  the  "battle  damage"  evaluated  and 
repaired  by  aircraft  techicians  was  limited  to  older,  sometimes  obsolete,  aircraft.  The  battle  datnaqe 
was  generally  inflicted  with  fire  axes,  homemade  pipe  bombs,  or  other  methods  which  resulted  in 
unrealistic  damage.  Statically  initiated  fragment  simulator  devices  have  beei  developed  and  are  in  use, 
hut  they  do  not  duplicate  all  the  effects,  such  as  hydraulic  ram,  of  a  high  velocity  projectile  impact. 

In  most  live  fire  testing,  multiple  shots  with  different  shot  lines  are  accomplished  on  a  single 
operational  or  developmental  aircraft/aircraft  component.  Repair  iz  generally  required  after  each  test 
so  that  the  test  article  can  be  used  again.  The  use  of  ABDR  personnel  to  make  the  repairs  gives  them 
experiencp  repairing  the  effects  of  actual  ballistic  impacts  on  up-to-date  systems  plus  returns  the  test 
article  to  a  test-ready  configuration.  The  USAF  used  ABDR  teams  in  its  recent  Joint  Live  Fire  Program 
tests  of  F-l 5  and  F-16  wings  (Figure  11).  The  lessons  learned  in  this  exercise  are  being  used  to  update 
and  refine  the  technical  repair  manuals  and  upgrade  the  contents  of  the  ABDR  tool  and  material  kits. 
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Figure  11.  An  Air  Force  ABDR  Team  Repairing  Ballistic  Damage 
IV.  RECENT  TESTING  ACCOMPLISHMENTS 

As  previously  mentioned,  the  Department  of  Defense  sponsored  Joint  Live  Fire  (JLF)  Program  is 
currently  underway  in  the  U.S.  The  JLF  Prograr,  on  aircraft  systems  is  a  joint  services  program 
managed  by  the  Joint  Technical  Coordinating  Group  on  Aircraft  Survivability  (JTCG/AS)  in  which  the 
Army,  Navy,  and  Air  Force  are  working  together,  sharing  resources,  facilities,  and  data  to  evaluate 
our  current  combat  systems. 

An  example  of  recently  completed  work  is  a  Navy/Air  Force  cooperative  effort  to  evaluate  turbofan 
engine  fuel  ingestion  tolerance.  Fuel  ingestion  generally  results  when  a  projectile  which  impacts  a 
fuselage  fuel  tank  also  penetrates  an  engine  inlet  duct  wall  allowing  fuel  to  leak  into  the  front  of  the 
running  engine.  A  schematic  of  a  fuel  ingestion  event  is  shown  in  Figure  12. 


FUEL  TANK  CROSS  SECTION  FUEL  LEAKAGE 


Figure  12.  Sketch  of  a  Typical  Fuel  Ingestion  Event 

A  series  of  ballistic  and  simulated  duct  wall  penetrations  were  conducted  to  determine  the  fuel 
ingestion  flow  rates  which  a  turbofan  engine  can  tolerate.  The  test  inlet  duct  was  sized  to  match 
current  aircraft  and  tests  were  run  with  fuel  Ingested  at  three  locations  to  simulate  different  hit 
locations  on  an  actual  aircraft.  The  test  engine  was  running  at  typical  operating  conditions  and  the 
inlet  duct  was  pressurized  with  facility  ram  air  to  simulate  flight.  The  test  set  up  Is  shown  In  Figure 
13.  These  tests  provided  valuable  data  needed  on  newer  engines  as  well  as  insight  into  possibilities  of 
designing  more  survivable  engines  in  the  future. 


Figure  13.  Turbofan  Engine  Fuel  Ingestion  Tolerance  Test 

Other  tests  conducted  under  JLF  evaluated  various  aircraft  wings  against  existing  threats  for 
structural  damage  and  fire  or  explosions.  Shots  were  fired  at  wings  which  were  fueled  and  structurally 
loaded,  with  external  airflow  applied,  simulating  conditions  expected  if  the  aircraft  were  in  combat. 
See  Figure  14.  Some  shots  were  designed  to  test  existing  fire  and  explosion  suppression  systems  by 
ensuring  optimum  conditions  existed  for  a  fire  or  explosion  (e.g.,  a  large  volume  of  stoichiometric 
ullage  in  the  fuel  tank).  Structural  tests  were  accomplished  by  loading  the  wings  to  typical  flight 
loads  during  impact.  After  impact, the  wings  were  loaded  to  higher  loads  to  determine  any  changes  in 
load  carrying  capacity.  Strain  gages  and  displacement  potentiometers  were  used  to  evaluate  stress 
distributions  and  stiffness  changes  in  the  wings  due  to  damage. 


Figure  14.  Live  Fire  Test  of  Aircraft  Wing 

The  Army  is  conducting  similar  live  fire  tests  to  evaluate  the  vulnerability  nf  helicopter  engines, 
main  rotor  blades,  fuel  tanks,  external  stores,  flight  control  components,  and  main  and  tail  rotor  drive 
components.  On  the  engine  tests,  a  large  percentage  of  the  vulnerability  data  was  collected  prior  to 
actually  subjecting  the  engine  to  ballistic  damage.  This  was  done  by  drilling  holes  in  specific  components 
of  the  engine  and  remotely  opening  the  holes  while  the  engine  was  running  under  a  simulated  flight  load. 

The  test  set  up  is  shown  in  Figure  15.  The  degradation  in  performance  was  then  monitored  and  recorded 
under  controlled  conditions.  Actual  ballistic  tests  on  the  running  and  loaded  engine  followed  these 
experiments  to  verify  the  prior  results  and  examine  secondary  and  synergistic  effects. 
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Figure  15.  Helicopter  Engine  on  Test  Stand 


V.  PAYOFF 

The  primary  purpose  for  live  fire  testing  is  to  gain  knowledge  about  the  effects  of  potential  threats 
to  weapon  systems  in  order  to  predict  how  they  will  perform  in  combat.  As  aircraft  become  increasingly 
more  complex  and  their  subsystems  become  more  interactive,  analytical  predictions  become  progressively 
less  reliable.  Much  can  be  accomplished  by  modelling  the  ballistic  event,  however  there  is  no  substitute 
for  actual  testing.  The  synergistic  effects  involving  numerous  subsystems  in  close  proximity  to  ballistic 
impacts  on  an  aircraft  frequently  present  surprises  even  to  veteran  test  engineers. 

Live  fire  testing  can  and  does  result  in  improvement  in  the  protection  of  aircraft  and  aircrews  from 
the  effects  of  combat  threats'.  It  also  results  in  the  ability  to  plan  with  significantly  improved 
confidence.  This  is  reason  enough  to  conduct  the  tests,  but  other  payoffs  like  improvements  tc  prediction 
techniques  and  the  validation  and  upgrade  of  existing  computer  models  will  eventually  serve  to  decrease 
the  frequency  and  quantity  of  tests  required  to  gain  confidence  in  the  survivability  of  new  weapon  systems. 
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SUMMARY 


"Skyshark"  is  a  newl y-des i gned  Stand-o/f  Weapon  Dispenser  recently 
developed  by  AERITALIA  and  SNIA-BPD.  These  Italian  companies  formed  in  1986 
a  Joint  venture  named  CASMU,  which  in  Italian  stands  for  Mu  1 1 i  Usage  Stand¬ 
off  Armament  Cons  or t J urn . Des i gned  specifically  for  being  launched  by  AM-X  and 
Tornado  aircraft,  the  Skyshark  will  be  easily  integrated  with  most  of 
the  modern  attack  aircraft. 

Released  at  a  distance  from  the  target  variable  with  s peed /a  1 1  i  t ude 
conditions  this  new  weapon,  capable  of  following  a  pre  defined  path,  will 
operate  i ndependent 1 y  thanks  to  a  proper  inertial  navigation  system  coupled 
to  a  pre- programmed  computer  for  stabilization  and  manoeuver I ng .  Once 
reached  the  target,  a  dedicated  armament  system  will  come  into  action 
dispensing  submunitions  that  can,  as  the  case  requires,  be  selected  amongst 
various  combinations  and  timed  for  the  attack. 

Five  of  the  planned  six  demonstration  launches  have  been  performed  so  far 
with  satisfactory  results,  allowing  to  acquire  significant  data  about 
aerodynamics,  f 1  i  ght  cont rol  and  armament  systems  characteristics. 

This  paper  deals  with  the  flight  test  activities  carried  out  during  the 
" Demons t r a t t on "  phase,  aimed  at  proving  the  correctness  of  the  general 
concept . 

The  •*/>«»  interesting  peculiarities  related  to  test  flying  such  unusual  flying 
machine  and  the  experiences  acquired  are  herewith  described. 
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INTRODUCTION 


It  Is  a  persistently  growing  belief,  when  considering  a  closely  defended  target, 
that  a  very  effective  weapon  to  be  used  today  Is  a  stand-off  armament  released  from 
the  carrier  aircraft  at  a  great  distance  from  the  target  and  capable  of  accurate  and 
autonomous  flight  against  the  designated  objective.  For  this  reason  Intensive  and 
wlderanglng  research  Is  presently  underway  relative  to  these  systems. 

The  concept  of  stand-off  armament,  however,  is  not  a  new  Idea.  In  fact,  the 
first  stand-off  weapon  in  the  world,  named  "Telebomb",  was  developed  in  Italy  during 
the  first  World  War  by  two  engineers  of  the  Italian  Military  Administration,  Major 
Guidonl  and  Colonel  Crocco  (ftg.l). 

That  Innovative  weapon  was  designed  to  be  launched  by  airships,  thus  greatly  reducing 
the  vulnerability  which  had  proven  to  dramatically  affect  the  operational 
effectiveness  of  t  h  c  ~  e  slow  aircraft. 

It  consisted  of  a  90  Kilos  unpowered  winged  bomb  (1.5  meter  wing  span, biplane )  provided 
with  tall  control  surfaces.  The  mission  profile  was  preplanned  by  means  of  a  cam  the 
action  of  which  mechanically  positioned  the  control  surfaces  at  predefined 
tiroes  by  means  of  a l r -compr essed  actuators.  After  being  released  from  the 
carrier  airship  at  about  8000  ft  the  Telebomb  performed  a  steep  dive  In  order  to 
achieve  a  target  speed  of  approx.  200  Kts  and  covered  a  distance  of  7  -  8  miles  before 
dropping  over  the  target.  Six  test  launches  were  performed  In  1918  with  partial 
success.  It  can  be  easily  understood  what  serious  problems  were  met  as  far  as  the 
navigation  accuracy  is  concerned.  Furthermore,  at  that  point  in  time,  It  was  too  late 
for  trying  to  start  the  production  for  actual  use  In  war  and  the  project  was  then 
abandoned .However  It  was  considered  promising  by  the  U.S.  Navy  which  bought  the  patent. 

After  70  years  Aeritalla  is  now  actively  Involved  with  SNIA-BPD  in  a  national 
Joirt  venture,  forming  a  consortium  named  "CASMU",  the  prime  objective  of  which  is 
to  extend  the  range  of  specialized  stand-off  weapon  products. 

Our  first  realization  is  a  stand-off  weapon  dispenser,  named  "Skyshark",  to  be  air- 
launched  against  fixed  targets,  conceived  for  outstanding  operation,  flexibility  and 
accuracy  and  capable  of  autonomous  navigation,  search,  ident 1 1 1 ca t 1  on  and 
neutralization  of  the  target .  The  reduction  of  the  aircraft's  attrition  rate  and  the 
high  effectiveness  of  Its  capability  to  carry  several  optimized  combinations  of  "smart” 
submunitions  are  Its  key  characteristics. 

Special  attention  has  also  been  paid  during  the  design  phase  to  optimize  Its 
s  t  ea 1 1 hness . 

Two  basic  versions, unpowered  and  powered  (by  means  of  rockets)  were  Initially  expected 
to  be  developed.  Both  of  them,  differing  in  range,  foresee  to  be  equipped  with  an 
autonomous  guidance  and  control  system  for  low  altitude  launch  and  f 1 1 ght , assur 1 ng  high 
speed  uuring  close  In  and  dispensing  phases. 

Because  of  its  dimensions,  Skyshark  can  be  carried  under  either  the  wings  or  the 
fuselage  of  a  wide  range  of  aircraft  such  as  Tornado,  AMX,  \~4,  A-7,  F-4,  F15,  F- 
16,  F-lll,  Mirage,  Jaguar,  etc. 

At  present,  the  development  phase  is  successfully  coming  to  an  end.  Five  of 
the  six  foreseen  development  launches  have  been  performed  o  far,  Jeldlng  to 
satisfactory  results,  and  have  led  to  the  gradual  lmprovemeit  of  the  system's 
performance  and  reliability. 

The  subject  of  this  lecture  Is  the  flight  test  activity  related  to  the 
development  phase,  carried  out  by  means  of  a  series  of  "Demonstrators”. 

Their  standard  is  developed  based  on  the  knowledge  acquired  from  each  launch,  both 
from  the  systems'  and  the  aerodynamics'  standpoint. 


1.  THE  "DEMONSTRATORS" 

The  goals  of  the  development  demonstration  phase  are  to  prove  the  correctness  of 
the  general  concept,  to  define  a  final  aerodynamic  configuration,  to  become  familiar 
with  the  operational  peculiarities  of  this  kind  of  weapon,  to  assess  the  on-board 
systems  effectiveness  (flight  control  and  armament)  and  to  Investigate  on  mission 
potentialities  and  possible  limitations. 

Four  prototypes  have  been  manufactured,  with  the  Intention  to  use  one  for  ground  tests 
and  the  other  three  an  average  of  two  mission  each,  thus  bringing  at  a  number  of  six 
the  total  amount  of  launches  available  for  flight  test  purposes. 

For  the  demonstration  phase  a  bay  has  been  created  In  the  front  side  of  the  body, 
capable  of  housing  a  parachute  to  be  used,  as  it  will  be  explained  later,  for  the 
retrieval  after  each  launch  mission. 

It  is  expected  that  the  final  production  standard  will  not  differ  too  much  from  that 
of  the  Demonstrator  in  terms  of  general  philosophy,  geometry  and  main  aerodynamic 
conf  J  gurat  J  on . 

The  Demonstrator  Is  not  powered  and  has  no  navigation  device  yet.  It  will  allow, 
however,  for  a  certain  extent  of  1 nt er vent  1 ons  aimed  at  possibly  refining  the 
system's  and  the  aerodynamic  configurations  during  the  course  of  the  experimental 
activity. 


Figure  2  shows  the  main  characteristics  of  Skyshark  at  the  standard  of 
Demonstrator  n<>  1. 

As  one  can  notice  It  is  very  similar  to  a  lifting  body.  It  exhibits  a  wel 1 -blended/ 1 ow- 
drag  shape  and  is  provided  with  a  couple  of  I i ml t ed -s ur f ace/1 ow-as pect - ra t i o  wings  in 
its  back  side. 

At  the  wings  tips  two  small  winglets  improve  the  wing  effectiveness  and  the  overall 
lateral  stability. 

Two  elevons  are  fitted  to  the  wings  trailing  edge,  being  the  only  control  surfaces, 
which  provide  both  longitudinal  and  lateral  controls. 

A  ventral  fin,  normally  kept  retracted  during  the  carriage, is  lowered  before  the 
launch . 

Two  armament  modules  are  easily  connected  with  the  main  structure  by  means  of  four 
plugs  . 

Each  module  contains  a  series  of  firing  tubes  arranged  perpendicular  to  the  direction 
of  flight,  crossing  the  body  from  side  to  side. 

Four  frangible  barriers, two  on  each  side,  cover  the  tubes  f aces , crea t i ng  a  properly 
shaped  surface  which  molds  to  the  external  body  contour.  They  get  destroyed  during  the 
firing  when  the  submunitions  are  ejected. 

Another  goal  of  the  demonstration  phase  is  to  make  a  preliminary  assessment  of  t be 
submunitions  pattern. 

The  lateral  ejection  velocity  (Ve)  has  to  be  optimized  In  such  a  manner  that.  when 
combined  with  the  Dispenser  airspeed,  results  in  a  proper  and  manageable  d 1 ssemi na t i on . 
At  the  same  time  Ve  has  to  be  kept  at  a  minimum  value  in  order  to  minimize  the 
reactions  on  the  body  produced  by  the  firing  of  the  charges. 

The  final  SWD  configuration  Implies  its  launch  being  performed  with  the  control 
surfaces  fully  operational.  This  will  allow  a  prompt  stabilizing  reaction  capable,  if 
necessary,  of  compensating  any  disturbances  during  the  separation  phase,  like 
unpredictable  turbulence  or  possible  side-wash  effects  present  during  launches  from 
under-wing  pylons. 

As  soon  as  the  problem  of  launching  with  active  controls  was  taken  into  account,  it 
appeared  clear  that  this  would  have  been  possible  only  after  a  successful,  deep  and 
burdensome  analysis  in  term  of  Flight  Control  Computer  (FCC)  and  systems  reliability, 
ft  was  clear  as  well  that  the  initial  FCC  standard  was  suitable  for  experimental 
purposes  only,  as  it  had  not  yet  been  fully  assessed  from  a  reliability  standpoint. 

A  possible  FCC  hardover  during  the  release  phase  would  have  led  to  catastrophic 
consequences . 

For  this  reason  it  was  decided  from  the  very  Initial  testing  stage  that  the 
Demons t rat  or ' s  elevons  were  to  be  kept  stuck  during  the  store  separation  and  that  they 
had  to  take  over  after  a  suitably  short  time,  to  be  defined  as  a  best  compromise. 

Two  contradicting  needs  had  to  be  dealt  with  :  the  duration  time  of  free-fllght  bad  to 
be  sufficient  to  guarantee  a  safe  separation  but  not  long  enough  to  allow  the  store  to 
acquire  excessive  mlsattitudes  before  the  computer's  intervention. 

This  might  have  led  to  plan  one  or  more  launches  with  dummies,  thus  concentrating  the 
testing  attention  solely  on  the  separation  phase. 

However,  it  was  thought  that  the  cost  of  one  or  more  dummies  bound  to  be  lost  and  their 
relative  launches  was  unjustified  if  compared  with  the  limited  amount  of  information 
acquirable  on  the  whole  system's  behaviour. 

Once  the  decision  was  taken  to  launch  a  store  provided  w»‘h  full  FCC  and  control 
systems,  a  problem  arose  on  how  to  recover  each  body  after  a  test. 

In  face,  the  "operational"  mission  is  concluded  when  the  submunitions  are  fired  and 
when  the  onboard  "self  destroy"  device  produces  its  final  effect. 

In  order  to  recover  the  Dispenser  this  device  was  not  fitted  to  the  units  to  be  tested 
and  a  further  mission  phase  was  added  <or  experimental  purposes  only. 

It  consists  of  a  climb  which  follows  the  firing  and  leads  to  a  speed  suitable  for 
deploying  a  parachute. 

A  slow  descent  by  chute  allows  the  body  to  reach  the  sea  surface  undamaged. 

A  reasonably  slow  sinking  speed  via  chute  was  achievable  only  if  the  Dispenser  weight 
was  low  enough.  The  reduction  in  weight  which  follows  the  tiring  of  the  submunitions 
was  thought  of  favourably  coping  with  this  requirement.  (To  be  noted  that,  during  these 
launches,  the  submunitions  are  obviously  dummies). 


2.  THE  EXPERIMENTAL  MISSION 

Rased  the  previous  considerations  it  was  decided  that  the  most  cost-effective 

I  >f  mission  during  the  initial  testing  phases  consisted  of  the  following  steps 

n  3)  : 

release  from  the  parent  aircraf  (initially  a  Panavia  "Tornado”) 

( 1 ^  *  ^ration  (Flight  Control  Computer  swltched-off  one  sec.  long) 

©  cntrolled  flight  and  deceleration  (according  to  a  pre-planned  scheme  of  gradually 
increasing  complexity,  launch  after  launch) 

©  firing  of  submunitions  (dummies,  actual  weight) 
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lightening  and  climb 
deployment  of  parachute 
sink  and  alighting  on  water 
retrieval  via  helicopter 


It  was  planned  that,  during  the  first  three  launches,  the  mission  had  to  evolve  In  the 
longitudinal  plane  only.  Subsequently,  the  lateral  control  effectiveness  would  have 
been  assessed  by  means  of  turns  and  track-acquiring  manoeuvres. 


3.  ON-BOARD  SYSTEMS  CONFIGURATION 

Four  main  systems  are  fitted  to  the  SWD  Demonstrators  (fig.  4)  : 

-  a  mission  control  system,  consisting  of  a  Flight  Control  Computer  (FCC),  actuators, 
sensors  and  interfaces 

-  an  armament  system  consisting  of  two  armament  modules  and  an  armament  control 
system  (named  "safe  and  arm") 

-  a  parachute  deployment  system 

-  a  Flight  Test  Instrumentation  system. 

Suitable  control  panels  are  fitted  to  the  carrier  aircraft  aimed  at  allowing  the  crew 
to  managing  and  monitoring  the  launch. 


a)  mission  control  system 

The  main  component  of  the  mission  control  system  is  the  Flight  Control  Computer 
(FCC)  which  is  in  charge  of  the  following  activities  : 

-  to  hold  the  dialogue  with  the  launch  control  panels  located  in  the  cockpit 
of  the  parent  aircraft  (pre-launch  monitoring  and  launch  management) 

-  to  perform  a  cyclic  BITE  control  before  and  during  the  mission  development 

-  to  monitor  the  position  of  the  elevons  before  the  launch,  in  order  to  ascertain 
that  no  inadvertent  deflections  take  place  during  the  carriage  after  their 
accurate  rigging  on  the  ground 

-  to  activate  the  electrical  actuator  which  controls  the  fin  position 

-  to  control  the  elevons  positions  in  flight,  by  means  of  their  electrical 
actuators,  as  required  by  the  pre-planned  mission  (pitch  attitude  acquire  &  hold, 
bank  angle  acquire  &  hold) 

-  to  perform  an  automatic  stability  control  both  on  the  lateral  and  the  longitudinal 
plains 

-  to  provide  the  armament  control  system  (safe  &  arm)  with  punctual  inputs  aimed  at 
commanding  the  submunitions  firing 

-  to  provide  suitable  inputs  to  the  FTI  interface,  to  be  multiplexed  and  transmitted 

-  to  command  the  parachute  release 

A  vertical  gyro  provides  pitch  and  roll  reference  inputs  to  the  FCC  for  attitude 
control  and  stabilization  purposes  (Demonstrator  configuration  only). 

A  suitable  set  of  air-data  probes  feeds  the  barometric  a  1 r speed/he  1 ght  sensors  for 
generating  proper  trim  commands  through  the  control  laws  implemented  within  the  FCC. 
After  the  first  launches  a  significant  position  error  was  found,  difficult  to  be 
corrected  at  all  incidence/sideslip  angles.  Therefore  a  new  improved  air-data 
sstem  has  been  designed,  which  relies  on  a  pitot  boom.  During  the  third  launch, 
the  problem  was  solved. 

A  group  of  control  devices  on  the  Tornado’s  pilot  and  navigator  control  panels 

allows  the  crew  to  perform  a  proper  pre-launch  monitoring  and  to  safely  manage 

the  launch  commands  through  a  very  limited  amount  of  simple  controls. 

Once  the  carrier  aircraft  has  reached  the  range  area,  the  pilot  switches  the  PRE-ARM 
control.  The  fin  is  automatically  deployed  and,  after  checking  the  correct 
elevons  positlon,a  "GO"  lamp  is  lit  if  the  BITE  finds  all  the  computer  parameters  ok; 
otherwise  a  "NO  GO"  lamp  is  lit.  At  this  point  the  pilot  can  push  the  release  button. 


* 


* 


b)  armament  system 


From  the  armament  point  of  view  tbe  Demonstrator  has  the  purpose  of  locating 
possible  specific  problems  of  this  kind  of  systems,  thus  laying  down  the 
fundations  for  a  final  solution  from  both  the  structural  and  the  system's  point 
of  view. 

The  armament  modules  represent  the  payload  and  will  play  a  significant  role  In 
determining  the  weapon's  effectiveness. 

For  this  reason  considerable  efforts  were  devoted  to  allocate,  within  the  body's 
volume,  the  maximum  number  of  submunitions,  minimizing  tbe  weight  of  the  other 
components.  As  a  consequence  the  modules  had  to  be  characterized  by  *.  high  level  of 
technology.  Nevertheless  one  of  the  prime  requirements  for  the  project  was  low 
cost  . 

The  actual  modules  architecture  Is  the  result  of  these  cont rad  1 ct or y  requirements. 
Significant  efforts  have  been  devoted  to  safety  aspects  in  order  to  avoid  tbe  risk 
that,  for  any  reason,  during  the  carriage  phase,  the  armament  control  system  might 
be  subjected  to  anticipated  activation. 

The  armament  control  safety  system  guarantees  an  absolutely  safe  operation  on  tbe 
ground  and  In  flight  by  means  of  a  proper  combination  of  mechanical,  pneumatic  and 
electrical  protections. 

These  devices  are  automatically  swltched-otf  by  a  FCC  command  after  a  definite  time 
Interval  from  release,  which  allows  the  Dispenser  to  reach  a  distance  of 
approximately  300  metres  from  the  aircraft. 


c)  parachute  system 

An  additional  section  of  the  control  system  is  devoted  to  manage  the  parachute 
depl oyment . 

Once  the  FCC's  clock  has  counted  a  pr e-detlned  time,  a  check  is  done  against  the 
maximum  allowed  speed  tor  the  parachute's  opening. 

If  the  check  is  successful,  a  command  is  sent  by  the  FCC  to  the  explosive  bolts 
which  lock  the  parachute's  bay  panel.  This  is  fired  away  and  the  chute  can  deploy 
allowing  a  slow  descent  on  the  sea. 


d)  flight  test  Instrumentation 

In  fig. 5  the  block  diagram  of  the  FT1  system  is  shown. 

The  parameters  acquired  and  transmitted  are  provided  both  by  the  FCC  in  serial  PCM 
format  and  by  dedicated  FTI  transducers. 

The  telemetry  system  takes  care  of  transmitting  the  PCM  stream  and  the  analogue 
signals  previously  mixed  by  a  multiplexer. 

The  transmission  power  Is  sufficient  to  ensure  a  reliable  telemetry  link  both  with 
the  ground  station  and  with  the  carrier  aircraft,  which  is  also  provided 
receiver  and  a  recorder. 

The  real  time  transmission  allows  the  ground  station  engineers  to  perform 
launch  monitoring  additional  to  that  carried  out  by  the  FCC. 

As  It  can  be  seen  In  fig.  2  tbe  Tx  antenna  Is  located  on  the  top  forward 
of  the  body. 

The  FTI  system  fitted  to  the  first  Demos t ra t or  unit  gives  signals  provided 
following  sensors  and  sources: 

-  air  data  sensors 

-  alpha  and  beta  vanes 

-  vertical  gyro  (pitch  and  roll) 

-  FCC  Internal  clock 

-  FCC  digital  parameters  (including  elevons  angular  deflection)  and  events 

After  each  of  tbe  first  three  launches  the  FTI  system  was  gradually  Improved. 

Tbe  cont igurat J on  of  tbe  third  launch  was  enhanced  with,  among  other  things,  three 
rate  gyros  and  three  linear  accelerometers,  providing  a  precise  set  of  Inertial  data 
for  finely  tuning  the  control  laws. 

A  group  of  three  linear  accelerometers  (high  frequency,  y  axis)  have  also  been 
Installed  in  order  to  measure  the  dynamic  response  of  the  body  during  the  firing 
phase . 

The  flight  test  i ns t r ument at  1  on  Includes  also  a  group  of  eight  high  frame-speed 
klnecameras  suitably  located  In  the  fuselage  and  within  under-wlng  pods  of  the 
parent  aircraft . 

Based  on  their  films  a  precise  post-flight  trajectory  analysis  of  the 
separation  phase  can  be  performed. 
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4.  PRELIMINARY  GROUND  TESTS 

Before  undertaking  the  experimental  flight  phase  several  ground  tests  have  been 
carried  out,  consisting  of  the  following: 
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4.1  Wind  tunnel  teats 

In  addition  to  the  wind  tunnel  tests  campaign  aimed  at  optimizing  the  aerodynamic 
shape  ot  the  weapon  and  at  identifying  a  reliable  data  set,  a  dedicated  series  of 
separation  tests  was  conducted  taking  into  account  the  significant  wall  effect  of  the 
carrier  aircraft  during  the  release. 

As  previously  pointed  out  the  separation  takes  place,  for  safety  reasons,  with  the 
autopilot  swi tched-of f .  It  is  therefore  mandatory  that  the  elevons  guarantee  the 
correct  trimming  effect,  thus  maintaining  a  suitable  attitude  during  the  time  interval 
which  elapses  before  the  FCC  takes  over. 

A  proper  matching  between  wind  tunnel  data,  mathematical  model  and  flight  test 
results  led  to  the  progressive  improvement  of  the  separation  dynamics. 


4.2  Functional  tests 

Before  the  first  carriage  test-flight  a  series  of  ground  resonance,  EMC  and 
functional  tests  were  carried  out,  involving  all  the  on-board  systems  and  the  weapon's 
structure.  Some  peculiar  floating  tests  have  also  been  required  in  view  of  the  foreseen 
retrieval  phase. 

In  fact  one  of  the  main  operational  problems  to  be  solved  was  the  definition  of  the 
procedure  to  be  followed  by  the  retrieval  team  when  approaching  the  weapon  floating  on 
the  water.  It  might  have  been  dangerous  to  approach  the  weapon  in  order  to  link  it  to 
the  helicopter's  rope  not  knowing  yet  whether  all  the  firing  charges  had  worked 
properly . 


4.3  Safety  and  integration  tests 

A  number  of  cartridges  have  been  fired  both  under  water  and  in  pleln  air. 

This  permitted  to  define  proper  "safety  bells"  and  to  provide  a  sufficient  background 
upon  which  to  base  the  retrieval  procedure.  Before  the  first  launch  a  final  overall 
functional  and  integration  test  was  conducted,  simulating  the  complete  mission  by 
properly  stimulating  the  air  data  sensors  and  by  changing  the  body  attitude 
accordingly.  This  final  test  also  involved  the  armament  system  ,  which  was 
realistically  tested  up  to  igniters  level. 


4.4  Carriage  tests 

Once  the  first  SWD  Demonstrator  was  ready  to  fly  a  short  carriage  flight  test 
campaign  took  place,  consisting  of  two  f 1 1 ght s . These  gave  the  opportunity  to  : 

-  assess  the  Interface  control  panels  and  their  effectiveness  to  manage  all  pre- 
launch  procedures 

-  verify  the  absence  of  significant  vibrations  and  to  assess  the  aeroelastlc 
behaviour  of  the  SWD's  structure  when  fitted  to  the  parent  aircraft 

-  assess  the  overall  vibrational  environment,  with  particular  regard  to  the  control 
surfaces  (elevons  and  retractable  fin)  and  equipment 

-  optimize  the  complex  ground  procedures  and  o  check  the  FTI  telemetry  systems. 

During  the  first  carriage  flight  some  aeroelastlc  coupling  occurred  at  high  speed 
between  the  elevons  and  the  wings. 

Therefore  the  elevons  were  lightened  and  their  leading  edge  was  fitted  with  suitable 
balancing  masses.  The  second  flight  proved  that  the  problem  was  completely  solved  and 
the  full  carriage  envelope  was  achieved. 


5.  RESULTS  ACHIEVED 

In  the  period  May  1987-September  1988  five  launches  were  carried  out,  achieving 
satisfactory  and  encouraging  results.  Most  of  the  goals  foreseen  for  the  demonstration 
phase  were  accomplished,  namely  : 

-  pre-flight  and  emergency  procedures 

A  gradual  refinement  of  the  on-ground  operations  led  to  optimize  the  pre-flight 
procedures,  especially  those  concerned  with  the  management  of  the  active  armament 
modules  during  their  integration  with  the  Dispenser  and  those  related  to  the  final 
fitting  of  the  Dispenser  to  the  carrier  aircraft. 

-  pre-launch  procedures 

The  carriage  flights  and  the  launch-flights  gave  several  opportuni t ies  to  check 
the  reliability  of  the  Interface  control  panels  and  the  suitability  of  the  FCC 
pre-launch  monitoring. 

This  system  performs  a  sound  check  of  most  critical  parameters,  including  the 
elevons  position. 


22-7 


One  of  our  oaln  concerns.  In  fact,  was  due  to  the  possible  risk  that,  for  any 
reason,  the  elevons  happened  to  shift  In  flight  from  the  position  at  which  they  bad 
been  accurately  rigged  on  ground  before  take-off.  This  would  have  Impinged  on  the 
flight  safety  of  the  carrier  aircraft  during  the  launch.  The  mechanical  link  which 
connects  the  elevons  with  their  electrical  actuators  consists  also  of  a  friction 
gearing.  This  element,  although  severely  rig-tested,  might  have  exhibited  an 
unexpected  behaviour  when  operating  Into  the  actual  flight  vibrational  environment. 


-  separation  phase 

At  the  time  of  starting  the  development  phase  the  on-board  control  systems  had  not 
been  yet  fully  qualified.  For  this  reason,  In  order  to  avoid  any  possible  damage  to 
the  FCC  caused  by  shocks,  It  was  decided  that  the  release  had  to  take  place  without 
Intervention  of  gun  strokes. 

Therefore  the  safe  separation  was  guaranteed  solely  by  means  of  an  appropriate  setting 
of  the  elevons.  This,  as  previously  pointed  out,  was  the  result  of  a  large  wind  tunnel 
campa 1 gn . 

Based  on  flight  trials  results  and  additional  wind-tunnel  tests  the  aerodynamic  data 
set  was  gradually  refined  after  the  first  and  the  second  launch,  thus  leading  to 
optimizing  the  separation's  dynamic. 


-  mission  flight,  aerodynamics,  control  laws 

A  few  aerodynamic  modifications  were  applied  to  the  body's  shape  during  the  course  of 
the  experimental  activity  performed  so  far. 

Some  tuning  of  the  pitch  control  laws  was  also  required,  however  the  manoeuver 1 ng  and 
stabilizing  capability  was  proven  thus  demonstrating  that  the  typical  low-height 
mission  will  be  possible  as  far  as  the  longitudinal  plain  Is  concerned. 


-  firing  phase 

One  of  the  main  doubts  about  this  phase  was  that  the  correct  attitude  of  the  SWD  might 
be  compromised  during  the  firing  because  of  the  significant  lateral  reactions  applied 
to  the  body  by  the  dummy  submunitions  during  their  ejections. 

The  sequence  of  firing  had  been  carefully  optimized  with  the  aim  to  keep  this  effect  at 
a  minimum  and  nothing  significant  was  noticed  as  far  as  the  lateral  stability  is 
concerned . 


-  post  mission  flight 

The  flight  phase  which  follows  the  firing,  although  Introducing  some  additional  load  to 
the  engineering  and  operational  work,  has  proven  to  be  economically  worth  to  be 
des  1  gned . 

The  structure  of  the  SWD  prototype  and  its  on-board  systems  are  quite  expensive  and  the 
possibility  of  recovering  and  of  re-using  them  led  to  a  significant  cost  saving. 

The  good  experience  acquired  to  this  respect  will  be  put  to  good  use  during  the  next 
phases  of  the  program,  when  the  SWD  will  carry  on-board  more  soflstlcated  and 
e  "nslve  navigation  systems. 


5.1  FIRST  LAUNCH 

The  mission  to  be  performed  after  the  first  launch  consisted  of  a  steady  dive 
followed  by  a  levelled  decelerating  flight  at  a  constant  height  up  to  the  firing  phase. 
The  launch  was  not  completely  successful.  In  fact  it  lasted  only  a  few  seconds  before 
the  flight  was  abruptely  stopped  by  an  anticipated  splash-down.  The  Demonstrator  was 
lost  but  the  data  acquired  proved  to  be  sufficient  for  carrying  out  a  deep  analysis. 

The  reasons  of  such  misbehaviour  were  then  clarified  and  proper  corrective  actions 
undertaken.  The  separation  phase  pointed  out  some  discrepancies  between 
predictions  and  actual  results  (fig.  6  ).  The  body,  in  fact,  left  the  carrier  aircraft 
very  safely  but  too  fast  because  of  an  eccesslve  pitch-down.  When,  one  second  later, 
the  Flight  Control  Computer  took  over,  the  foreseen  dive  path  resulted  too  steep  and 
the  levelled  flight  was  never  recovered. 

A  first  reason  of  mismatching  between  theoretical  predictions  and  flight  data  was  found 
In  minor  differences  between  the  shape  of  the  actual  body  and  that  considered  as  a 
reference  for  wind-tunnel  tests  and  data-bank  construction. 

In  particular  the  actual  SWD  was  devoid  of  blisters  at  the  Junction  wing/body.  As 
Illustrated  in  fig. 7  the  lack  ot  blisters  implies  a  significant  contribution  to 
pitching  moment  at  incidence  angles  lower  than  5°. 

After  readjusting  the  mathematical  model  by  means  of  this  and  other  minor  corrections, 
a  satisfactory  matching  was  achieved.  The  FCC  trim  laws  and  controls  were  amended  and 
a  new  deflection  of  the  elevons  at  release  was  defined. 
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5.2  SECOND  LAUNCH 

The  Mission  profile  of  the  second  launch  was  precaut i onal 1 y  simplified  with  the 
ala  to  minimize  the  disturbances  induced  by  the  Manoeuvre.  The  attention  was  mainly 
concentrated  on  the  system's  stabilizing  capability  in  steady  flight,  which  had  not  yet 
been  assessed.  The  launch  did  confirm  the  effectiveness  of  the  above  modifications  with 
respect  to  the  separation  phase  (fig. 8)  and  to  the  gliding  pitch  behaviour  at  high 
incidence.  An  unexpected  misbehaviour  was  Instead  exhibited  at  relatively  low 
incidence,  in  terms  of  lateral  unsteadiness  and  pitch-roll  dynamical  coupling.  The  time 
histories  shown  in  fig. 9  point  out  very  clearly  that  the  unsteady  dynamics  of  the  SWD 
develops  quite  suddenly  into  a  steady  flight  when  the  angle  of  attack  crosses  the 
threshold  of  approximately  12°  (t  =  10  sec.). 

After  a  deep  analysis  it  was  found  out  that  some  apparently  slight  alterations  in 
the  shape  of  the  body  could  significally  affect  the  directional  and  longitudinal 
aerodynamic  characteristics.  The  most  effective  shape  alterations  effectively  tested 
in  wind-tunnel  were  (fig. 10): 

-  sealing  of  the  retractable-fin  slot 

-  installation  of  a  peripheral  spoiler  on  the  backward  side  of  the  body 

-  addition  of  two  fins  on  the  top  wing  surface 

-  addition  of  proper  blisters  between  the  dummy  engines  fairing  and  the  fuselage. 

Based  on  those  results  it  appears  that  the  configuration  of  the  second  launch 
presents  a  range  of  a  where  the  yaw  coefficient  is  negative.  By  sealing  the  fin's 

slot  a  certain  improvement  is  achieved  although  still  a  range  of  Instability  remains. 

A  further  improvement  is  produced  by  the  adoption  of  a  small  spoiler  on  the  tail. 
Very  powerful  is  the  effect  of  the  two  fins  the  beneficial  action  of  which  develops 
just  at  low  incidence  while  at  high  incidence  the  shade  of  the  wing  makes  their 
influence  less  large.  The  adoption  of  these  modifications  implies  improvements  of  the 
longitudinal  characteristics  as  well.  In  fact  the  trimmed  condition  (for  0  elevons  =  0 
deg.)  results  shifted  towards  higher  values  of  CL,  thus  reducing  the  trim  drag  and 
allowing  a  larger  range  of  0  available  for  actuating  the  control  surfaces. 

As  a  consequence  of  such  aerodynamical  re-design  a  new  prediction  was  necessary  as  far 
as  the  separation  phase  was  concerned. 

This,  again,  was  performed  by  properly  mixing  wind  tunnel  results  with  those 
obtained  by  means  of  a  mathematical  model  which  properly  takes  into  account  the 
aircraft  wall  effect  (fig. 11). 

The  autopilot  control  laws  were  also  slightly  readjusted.  The  airspeed  signal  which 
back-feeds  the  pitch  trim  was  filtered  because  of  eccessive  noise.  The  pitot  tube, 
initially  placed  on  the  top  forward  side,  was  replaced  by  a  pitot  boom.  Immediately 
after  the  firing  phase,  in  fact,  the  body  is  subject  to  a  pitch-up  which  follows  the 
sudden  lightening.  Due  to  the  shading  effect  of  the  body's  nose  the  pitot  had  provided 
unreliable  information  (lower  speed)  which  had  caused  an  anticipated  deployment  of  the 
parachute . 

5.3  THIRD  LAUNCH 

Also  this  launch  foresaw  pitch  manoeuvres  only.  It  developed  In  good  agreement 
with  the  predictions. 

Only  minor  discrepancies  were  found.  After  the  launch  and  the  FCC  activation  the  SWD, 
instead  of  proceeding  in  level  flight,  undertook  a  straight  trajectory  slightly 
climbing  (  ^  ~2°,  fig. 12).  This  was  due  to  a  small  constant  error  present  In  the 
airspeed  measurement  loop,  which  cpused  a  slight  mlstrim. 

Fig. 13  compares  the  theoretical  trim  relationship  (  &  -  V)  stored  within  the  FCC 
and  the  actual  one  measured  in  flight.  The  two  curves  are  Just  shifted  as  much  as 
large  was  the  airspeed  error  (  ~  26  Kts). 

A  few  problems  were  again  exhibited  during  the  firing  of  the  submunitions.  In 
fact  some  of  the  envelopes  which  bring  the  dummy  submunitions  out  of  the  launching 
tubes  did  not  exit  completely  from  the  body’s  sides  (  fig. 14  ). 

These  protrusions  severely  affected  the  aerodynamic  shape  of  the  SWD  which  presented 
unbearable  asimmetrles.  Therefore,  during  the  final  part  of  the  firing  phase,  the  SWD 
performed  abrupt  and  uncontrolled  manoeuvres  which  led  to  reach  anomalous  attitudes. 
As  a  consequence  the  s ubmun i t 1 ons '  pattern  resulted  affected,  which  is  operationally 
unacceptable.  This  problem,  however,  was  easily  solved  by  weakening  the  contours  of 
the  pre-cut  holes  printed  on  the  lateral  frangible  barriers. 

5.4  FOURTH  LAUNCH 

No  modifications  were  introduced  before  the  fourth  launch  whilst  minor 
modifications  were  Introduced  into  the  trim  control  laws  and  the  pitot's  position  error 
was  compensated. 

The  mission  profile  Incorporated  also  manoeuvres  in  the  lateral  plane  (30°  bank  turn 
left  followed  by  level  flight  recovery).  The  flight  developed  very  stable  and 
successfully  thus  allowing  for  a  more  complex  mission. 


5.6  W IFTH  LAUNCH 
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More  complex  Manoeuvres  were  planned  In  order  to  Investigate  on  the  system's 
capability  in  a  larger  range  of  attitudes.  It  foresaw,  after  the  launch,  a  steep 
descent,  a  30°  bank-t o-bank,  a  pull-up  and  a  levelled  flight  up  to  the  firing  point. 

The  Mission  perforated  fully  successful.  Fig. 15  shows  the  pitch  and  roll  attitudes  time 
histories,  recorded  in  flight  conpared  with  those  slMulated.  One  can  notice  a 
satisfactory  matching.  (To  be  pointed  out  that  the  launch  was  perforated  In  presence  of 
severe  turbulence).  One  of  the  alms  of  this  fifth  launch  was  a  preliminary  assessment 
of  the  submunitions  pattern.  This  was  per  formed  by  means  of  a  series  of  cartrlges 
sufficiently  representat 1 ves  of  the  dummy  submunitions  In  terms  of  Inertia  and 
aer odynaMics ,  containing  balloons  self-inflating  at  the  moment  of  their  Impact  with 
the  sea  surface.  This  technique  did  prove  to  be  successful.  After  the  launch  and  the 
completion  of  the  SWD  mission,  the  carrier  aircraft  oyerflew  the  firing  area  taking 
pictures  form  a  preliminary  assessment  of  the  ground  pattern. 

5.6  SIXTH  LAUNCH 

A  sixth  and  final  launch  is  foreseen  by  the  end  of  October  1988.  The  mission  will 
develop  as  close  as  possible  to  one  of  the  most  complex  operational  missions.  It  will 
imply  the  highest  launching  speed  and  60°  bank  angle  turn. 

An  accurate  measurement  of  the  submunitions  pattern  will  be  also  performed  by  means  of 
a  larger  number  of  floating  markers. 

6.  CONCLUDING  REMARKS 

Although  the  Demonstrat ion  Phase  is  not  completely  concluded  yet,  one  can 
reasonably  maintain  that  the  main  objectives  have  been  successfully  met. 

In  fact,  thanks  the  encouraging  results  acquired  so  far,  the  go-ahead  for  a  further 
phase  has  been  given. Based  on  the  Demons t rator ' s  aerodynamic  concept  the  development  of 
a  stand-off  "Cluster  bomb"  is  already  In  progress. 

This  will  consist  of  a  body  aerodynamical ly  very  close  to  that  of  "ikyshark", 
still  unpowered,  but  provided  with  navigation  capability.  The  new  experimental 
phase  will  start  within  one  year  and  will  be  mainly  aimed  at  assessing  the  navigation 
system  accuracy,  effectiveness  and  reliability  as  well  as  at  defining  the  operational 
procedures . 

Some  general  conclusions  can  be  drawn  about  flight-test  experience  acquired  during 
the  Demonstration  phase.  Aeritalia's  Flight  Test  Center  had,  so  far,  developed  a 
remarkable  knowledge  about  military  aircraft  and  weapons  like  missiles,  but  some 
experimental  aspects  related  to  testing  the  Skyshark  resulted  beyond  the  usual 
exper 1 ence . 

In  particular,  the  requirement  to  coexist  wi  t h  the  economical  restrictions  typical  of  a 
private  venture  like  this  led  to  the  need  of  recovering  and  re-using  the  body  after 
each  mission.  Being  the  launch  performed  some  miles  off-shore  for  obvious  safety 
reasons  significant  efforts  were  required  from  the  operational  stand-point. 

As  far  as  technical  aspects  are  concerned,  this  programme  forced  Flight-test  and 
Design  departments  to  tighten  even  more  their  relationship  in  order  to  accelerate  the 
process  of  analyzing,  interpreting  and  matching  the  data  acquired  and  repredicting  the 
dynamics  of  the  subsequent  launch.  In  some  cases,  In  fact,  this  loop  had  to  be 
completely  performed  In  a  few  days,  to  opportunely  allow  for  the  longer  procedure  of 
introducing  the  necessary  hardware  and/or  software  mod i f 1 ca t 1 ons  into  the  Flight 
Control  Computer. 

Very  Interesting  and  instructive  resulted  some  aerodynamical  peculiarities  pointed  out 
by  such  unusually  shaped  lifting  body.  In  fact  it  showed  quite  a  high  sensitivity  to 
minor  shape  asymmetries  and  excrescenc ies  with  respect  to  winged  bodies,  where  the  lift 
is  more  largely  distributed.  This  requested  a  continuous  refinement  of  the 
aerodynamical  data  set  by  means  of  flight-test  results,  wind-tunnel  data  and 
mathematical  model.  Fig. 16  shows,  as  a  typical  example,  the  matching  obtained  so  far 
between  theoretical  and  experimental  polars. 

On  concluding  one  can  say  that,  after  one  year  testing  activity  consisting  of  five 
launches  the  general  concept  has  proven  to  be  effective,  the  aerodynamic  con f 1 gurat 1  on 
has  been  developed  up  to  a  satisfactory  stage  and  the  on-board  systems  largely  tested. 
Based  on  all  that,  the  bases  for  the  next  phase  have  been  soundly  layed  down. 
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Fig. 6  -  First  launch  :  predicted  and  actual  separation 


8  —  Second  launch 


Fig.  12-  Third  launch  :  alight  climb  due  to  speed  Indication  error 

(Time  interval  between  two  positions  of  the  store  .40  sec.) 
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SUMMARY 


The  Identification  Friend,  Foe,  or  Neutral  (IFFN)  Joint  Test  Force  (JTF)  located  at 
Kirtland  AFB,  NM,  has  developed  a  testbed  that  is  composed  of  high  fidelity,  real  time 
man-in- the-loop  simulators  designed  to  replicate  the  NATO  Central  Region  Integrated  Air 
Defense  System.  The  purpose  of  the  test  is  to  assess  the  ability  of  this  air  defense 
system  to  correctly  identify  and  engage  enemy  aircraft.  The  testbed  represents  the 
largest  real  time  command  and  control  (C2)  simulation  which  consists  of  57  medium  and 
high  fidelity  tactical  consoles  and  over  a  million  lines  of  code.  The  OSD-sponsored 
testbed  development  and  test  is  scheduled  to  run  through  July  1989.  After  this  the 
testbed  will  become  the  Theater  Air  Command  and  Control  Simulation  Facility  (TACCSF) 
operated  by  the  USAF  Tactical  Air  Warfare  Center  (TAWC).  The  facility  will  be  used  by 
both  Army  and  Air  Force  commands  to  resolve  joint  operational  issues  and  support  test 
and  evaluation  of  the  NATO  Air  Command  and  Control  System  (ACCS). 


INTRODUCTION 


One  of  the  most  serious  problems  facing  the  NATO  air  defense  forces  is  the  correct 
and  timely  identification  of  aircraft  in  a  tactical  air  environment  which  includes  large 
numbers  of  friendly  and  hostile  aircraft,  electronic  warfare  threats,  and 
surface-to-air,  and  air-to-air  missiles  that  operate  beyond  visual  range  ( BVR) . 
Numerous  studies  have  concluded  that  the  current  electronic  identification  capabilities 
are  too  slow,  individually  unsuitable  for  positively  identifying  hostiles  and  friends, 
have  insufficient  range,  and  are  subject  to  interference  from  electronic  countermeasures 
and  other  environmental  factors. 

Using  real  time,  man-in-the-loop  simulations  of  Army,  Air  Force,  and  NATO  C2  and 
weapons  systems,  IFFN  was  designed  to:  assess  the  baseline  capabilities  within  the  NATO 
Integration  Air  Defense  C2  system  to  perform  the  identification  function;  identify 
deficiencies  in  the  performance  of  the  identification  function;  and,  define  potential 
near-term  procedural  and  equipment  changes  to  overcome  the  deficiencies. 


TESTBED  DESCRIPTION 


The  overall  operational  scope  of  the  test  is  summarized  in  Figure  1.  It  focuses  on 
the  NATO  Integrated  Air  Defense  System  within  the  Lauda  Battle  Management  Area. 
Consistent  with  defense  planning  guidance,  a  standard  14/10  air  scenario  is  used  with 
the  NATO  air  defenses  defending  against  a  Warsaw  Pact  three  wave  attacK.  Aii_nough  NATO 
offensive  air  and  support  operations  are  not  represented  with  manned  simulators,  they 
are  explicitly  flown  in  the  air  scenario.  In  addition,  the  operations  focus  on  a  1989 
time  frame  using  current  AAFCE  air  defense  plans  and  air  space  control  procedures. 


SCENARIO 


Overall  Test  Configuration 


The  overall  testbed  configuration  representing  the  Lauda  Integrated  Air  Defense 
Systems  is  depicted  in  Figure  2.  There  are  three  types  of  weapons  systems:  PATRIOT, 
HAWK  Army  surface  to-air  missile  systems,  and  the  Air  Force  F-15.  Associated  with  these 
weapons  are  their  respective  command,  control,  and  communications  (C3).  In  the  case  of 
the  PATRIOT  and  HAWK  there  are  battalion  (BN)  fire  direction  centers  (FDCs)  with  a 
brigade  FDC  (AN/TSQ-73)  controlling  the  two  BNs.  For  the  F-15's,  the  primary  C  is  a 
CRP  (Modular  Control  Equipment)  and  a  NATO  E-3A.  Controlling  the  overall  Army  and  Air 
Fo.  ;e  is  the  NATO  CRC  (German  Air  Defense  Ground  Environment  equipped).  Every  node  has 
its  appropriate  voice  and  digital  communications  replicated.  A  total  of  57  high  ana 
medium  fidelity  simulators  comprise  the  testbed.  The  high  fidelity  simulators  are  used 


for  data  collection  and  are  run  by  actual  field  operators.  These  are  depicted  in  Figure 
2  by  the  large  boxes.  The  lower  fidelity  simulators  are  operated  by  trained  technicians 
and  are  used  to  load  the  high  fidelity  simulators.  These  are  represented  by  the  smaller 
boxes . 

The  overall  testbed  design  is  depicted  in  Figure  3.  A  central  simulation  system  is 
used  to  generate  the  comprehensive  ail  scenario  with  appropriate  tactics,  airspace 
control  procedures,  and  terrain.  This  scenario  is  then  provided  to  four  different  types 
of  simulation  through  a  communications  subsystem.  These  simulators  are:  PATRIOT,  HAWK, 
F-15,  and  air  C^.  All  simulators  are  located  at  Kirtland  AFB,  NM,  with  the  exception  of 
the  PATRIOT  which  is  at  Ft  Bliss,  TX. 


TESTBED  DESIGN 


Figure  3 


PATRIOT  SIMULATOR 


Figure  4  depicts  the  PATRIOT  Tactical  Operations  Simulators  at  Ft  Bliss,  TX.  The 
consoles  depicted  replicate  a  PATRIOT  fire  unit?  another  is  used  to  replicate  the 
PATRIOT  BN  FDC.  These  high  fidelity  systems  are  used  by  the  Army  for  prototype  software 
development. 

Next  in  Figure  5  is  a  picture  of  the  HAWK  fire  unit  simulator.  All  key  functions 
of  the  HAWK  system  are  replicated  and  eight  are  used  in  a  BN. 


HAWK  SIMULATOR 


F-15  SIMULATOR 


Figure  6  is  the  F-15  simulator.  It  uses  an  actual  F-15  stick  and  throttle  (MSIP) 
with  appropriate  switches.  The  upper  screen  is  the  F-15  heads  up  display  which  projects 
airspeed,  altitude,  attitude,  radar  target  box,  and  missile  parameters.  The  lower 
screen  includes  all  the  flight  instruments,  radar.  Electronic  Warfare  Warning  System 
{EWViS) ,  Tactical  Electronic  Warfare  System  (TEWS),  and  Joint  Tactical  Information 
Distribution  System  (JTIDS).  This  flight  simulator  is  unique  in  that  hundreds  of 
friendly  and  enemy  tracks  can  be  presented  to  the  pilots  in  a  realistic  jamming 
environment. 


Figure  7  is  the  IFFN  tactical  command  and  control  display  (TCCD).  The  right  screen 
is  a  touch  screen  that  commands  system  functions.  The  left  display  is  in  color  and 
.  ortrays  appropriate  air  situations.  The  special  function  keys  on  the  left  are  software 
reprogrammable  and  are  set  up  with  a  template.  Thirty  of  these  TCCD's  are  used  in  the 
IFFN  testbed. 
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TACTICAL  COMMAND  AND  CONTROL  DISPLAY  IFFN  TESTBED 


Figure  7 


Figure  8  portrays  the  two  simulation  rooms  in  the  IFFN  testbed.  Situated  in  the 
Air  Command  and  Control  Simulation  room  are  the  30  TCCD  consoles  which  are  configured  as 
follows:  5  for  the  NE-3A,  8  for  the  CRP,  12  for  the  CRC,  2  for  the  HAWK  BN  FDC ,  2  for 
the  Brigade  FDC,  and  1  for  the  Sector  Operations  Center.  All  of  these  consoles  are 
software  reprogrammable  so  other  configurations  could  be  addressed.  The  fire  unit 
simulation  room  contains:  4  F-15's,  8  HAWKs,  6  PATRIOT  test  loaders,  5  F-15  test 
loaders,  and  2  test  loaders  for  the  special  information  systems.  In  addition,  there  are 
the  four  consoles  at  Ft  Bliss  for  the  PATRIOT  fire  unit  and  BN  FDC. 

Figure  9  summarizes  some  of  the  overall  testbed  features  that  makes  it  the  largest 
air  C^  simulation  in  the  world. 


TESTBED  FEATURES 

o 

59  HIGH  TO  MEDIUM  FIDELITY  CONSOLES 

- 

SIMULATING  12  TYPES  OF  TACTICAL  SYSTEMS 

USING  7  TYPES  OF  DATA  LINKS 

o 

1.2  MILLION  SOURCE  LINES  OF  FORTRAN 

CODE 

o 

COMPUTERS 

- 

18  CONCURRENT  3250/60/80  COMPUTERS 

- 

21  ARRAY  PROCESSORS 

“ 

462  MILLION  INSTRUCTIONS  PER  SECOND 

CAPACITY 

o 

EXERCISE  CAPACITY 

- 

2000  X  2000NM  WITH  DMA  TERRAIN  DATA 

- 

2000  ACTIVE  AIRCRAFT 

~ 

128  MAXIMUM  EXERCISE  PARTICIPANTS 

Figure  9 


IFFN  TESTING 

The  IFFN  JTF  to  date  has  conducted  four  operational  tests  involving  the  PATRIOT, 
PATRIOT  BN  FDC,  HAWK,  and  the  F-15.  Four  more  operational  tests  are  scheduled  through 
1988  with  the  HAWK  BN,  Brigade  FDC,  NE-3A,  and  CRP.  The  grand  finale  is  the  ninth  test 
in  which  the  CRC  controls  all  the  fire  units  and  subordinate  C^  nodes.  This  testing 
will  show  how  each  element  with  its  associated  communications  both  individually  and 
collectively  contributes  to  the  air  defense  process.  Testing  to  date  is  showing  that 
complete  situation  awareness  is  difficult  to  obtain,  there  are  limitations  in  correctly 
identifying  aircraft,  and  there  is  a  clear  need  for  integrated  Army/AF/NATO  operational 
testing  and  training  under  simulated  wartime  conditions. 


FOLLOW- ON  TESTING 

In  1989,  the  IFFN  JTF  will  complete  its  OSD  directed  testing.  At  that  point,  the 
USAF  Tactical  Air  Command  (TAC)  and  Army  Training  and  Doctrine  Command  (TRADOC)  have 
agreed  to  assume  ownership  of  the  testbed.  TAC  will  be  the  executive  and  the  name  of 
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the  facility  will  change  to  Theater  Air  Command  and  Control  Simulation  Facility.  Users 
will  be  the  Army,  Air  Force,  OSD,  and  NATO.  The  new  mission  will  encompass: 

Concepts,  tactics,  and  procedures  development 

Developmental  and  operational  testing 

systems  integration  and  training. 


SUMMARY 

In  summary,  the  IFFN  testbed  development  is  on  schedule  and  demonstrating  viable 
capability.  IFFN  test  results  to  date  have  produced  significant  operational  insights 
that  are  being  addressed  by  the  Army,  Air  Force,  and  NATO  operational  communities.  The 
Army,  Air  Force,  and  NATO  see  great  benefits  in  using  the  TACCSF  to  investigate  a  host 
of  very  complex  issues  starting  in  1990. 


Overall  Test  Configuration 


TESTBED  FEATURES 

o  59  HIGH  TO  MEDIUM  FIDELITY  CONSOLES 

-  SIMULATING  12  TYPES  OF  TACTICAL  SYSTEMS 

-  USING  7  TYPES  OF  DATA  LINKS 

o  1.2  MILLION  SOURCE  LINES  OF  FORTRAN  CODE 
o  COMPUTERS 

-  18  CONCURRENT  3250/60/80  COMPUTERS 

-  21  ARRAY  PROCESSORS 

-  462  MILLION  INSTRUCTIONS  PER  SECOND  CAPACITY 
o  EXERCISE  CAPACITY 


2000  X  2000NM  WITH  DMA  TERRAIN  DATA 

2000  ACTIVE  AIRCRAFT 

128  MAXIMUM  EXERCISE  PARTICIPANTS 


VISUAL 
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FLIGHT  TESTING  AND  FLIGHT  RESEARCH:  FROM  THE  AGE 
OF  THE  TOWER  JUMPER  TO  THE  AGE  OF  THE  ASTRONAUT 
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Upton  Hall,  Room  115 
U.S.  Army  War  College 
Carlisle  Barracks,  PA  17013-5008 
U.S. A. 


Since  the  beginning  of  flight,  aerospace  vehicle  design  has  depended  upon  data 
gathered  from  the  performance  of  actual  flight  vehicles.-  This  flight  testing  and  flight 
research  process  has  led  to  today’s  air-and-space-craf t ,  and  points  the  way  for  future 
flight.  Within  this  process,  the  flight  test  planner,  test  pilot,  and  flight  test 
engineer  occupy  positions  of  critical  importance. 

A  review  of  the  history  of  flight  testing  and  flight  research  indicates  that 
both  have  been  traditionally  characterized  by  a  professional  approach  emphasizing  the 
derivation  and  utilization  of  methodologies  to  best  enable  investigators  to  acquire  a 
maximum  amount  of  information  as  quickly  as  is  consistent  with  safety.  As  the  techno¬ 
logical  sophistication  of  aircraft  systems  has  increased,  so,  too,  has  the  necessity  for 
improving,  modifying,  and  adding  to  the  capabilities  of  the  flight  testing  and  flight 
research  process.  This  pattern  may  be  expected  to  hold  true  for  the  subsequent  devel¬ 
opment  of  future  advanced  aerospace  vehicle  systems. 


Flight  testing  and  flight  research  are  as  old  as  flight  itself.  There  is  the 
myth  of  Icarus,  who  experienced  structural  failure  from  heating  effects,  leading  to 
subsequent  loss  of  control.  More  factually,  Eilmer  of  Malmesbury,  a  Benedictine  monk 
(and  th?  first  test  pilot  worthy  of  the  name) ,  made  a  short  gliding  flight  marred  by  a 
landing  accident  from  a  loss  of  longitudinal  control  about  10C0  A.D.,  from  Malmesbury 
Abbey  in  Wiltshire,  England. [1]  In  the  Nineteenth  Century,  a  coachman  and  a  small  boy 
flew  for  a  few  yards  in  experimental  gliders  designed  by  Sir  George  Cayley,  a  pioneer 
generally  recognized  as  the  "Father  of  Aerodynamics"  as  well  as  the  individual  who  first 
postulated  the  modern  airplane  configuration  (wings,  fuselage,  and  a  tail  group)  .  [2] 

Then,  of  course,  comes  that  towering  figure  of  early  flight  testing,  Otto  Lilienthal. 

In  1896,  the  year  of  his  death  in  a  glider  accident,  he  wrote,  "One  can  get  a  proper 
insight  into  the  practice  of  flying  only  by  actual  flying  experiments."  A  trained  mech¬ 
anical  engineer,  he  combined  shrewd  theoretical  studies  cf  birdflight  with  his  own  bold 
experiments  with  a  series  of  monoplane  and  biplane  gliders.  He  recognized  the  price 
flight  researchers  are  sometimes  required  to  pay,  remarking  that  "Sacrifices  must  be 
made,”  an  especially  appropriate  and  poignant  epitaph  for  his  own  career. [3]  Lilienthal 
profoundly  influenced  subsequent  researchers,  notably  Octave  Chanute,  and  Wilbur  and 
Orville  Wright. 

The  Wright  brothers  deserve  credit  for  developing  the  first  powered  and  manned 
aircraft  capable  of  makinq  a  sustained  and  controlled  flight.  They  were  brilliant, 
intuitive  flight  researchers  who  recognized  the  vital  partnership  between  theory,  ground 
festing,  and  research  aloft,  and  the  need  for  acquiring  reliable  data.  Wilbur  Wright 
compared  the  testing  of  an  airplane  to  riding  a  fractious  horse.  He  stated,  "If  you  are 
looking  for  perfect  safety  you  will  do  well  to  sit  on  a  fence  and  watch  the  birds,  but 
if  you  really  wish  to  learn  you  must  mount  a  machine  and  become  acquainted  with  its  tricks 
by  actual  trial." [4]  Beginning  with  theoretical  studies,  the  brothers  moved  to  kite- 
gliders.  When  early  designs  proved  disappointing,  they  refined  their  thinking  and  im¬ 
proved  their  understanding  by  ground  testing  including  use  of  a  small  wind  tunnel.  Then, 
with  their  confidence  bolstered  by  flight  trials  with  the  1902-1903  glider,  they  built 
the  epochal  1903  powered  machine.  Gn  December  17,  1903,  the  era  of  powered  flight 
dawned,  a  trimph  of  flight  research  that  fulfilled  the  dream  of  centuries.  Orville,  the 
test  pilot,  summarized  the  flight  as  follows: [5] 

"Wilbur  ran  at  the  side,  holding  the  wings  to  balance  it  on  the  track. 

The  machine,  facing  a  27-mile  wind,  started  very  slowly.  Wilbur  was 
able  to  stay  with  it  until  it  lifted  from  the  track  after  a  forty-foot 
run.  The  course  of  the  flight  up  and  down  was  exceedingly  erratic. 

The  control  of  the  front  rudder  [canard  elevator-ed . ]  v as  difficult. 

As  a  result,  the  machine  would  rise  suddenly  to  about  ten  feet  and  then 
as  suddenly  dart  for  the  ground.  A  sudden  dart  when  a  little  over  120 
feet  from  the  point  at  which  it  rose  into  the  air,  ended  the  flight. 

The  flight  lasted  only  twelve  seconds,  but  it  was  nevertheless  the 
first  in  the  history  of  the  world  in  which  a  machine  carrying  a  man  had 
raised  itself  by  its  own  power  into  the  air  in  full  flight,  had  sailed 
forward  without  reduction  of  speed,  and  had  finally  landed  at  a  point 
as  high  as  that  from  which  it  started." 

For  its  time,  this  is  a  model  test  flight  report.  It  presents  the  test  conditions, 
a  critical  analysis  of  the  airplane's  stability  and  control,  and,  finally,  a  summation  of 
the  flight's  significance.  Nowadays,  of  course,  such  information  is  presented  accompanied 
by  extensive  quantitative  analysis,  but  the  ideas  behind  the  report  are  the  same.  One 
can  compare  the  very  successful  and  practical  approach  to  flight  research  taken  by  the 
Wrights  (and,  to  a  lesser  extent,  by  Lilienthal  and  Chanute)  to  the  overblown  methods  oe 
a  Samuel  Langley  or  Hiram  Maxim,  who  went  to  elaborate  lengths  on  paper  and  with  costly 
testbeds  to  develop  what  were  ultimately  grotesque  and  unsuccessful  vehicles. 
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By  the  time  of  the  First  World  War,  flight  testing  had  already  taken  on  the 
trappings  of  professionalization.  Designers,  pilots,  and  engineers  worked  closely 
together,  and  emphasis  shifted  from  choosing  just  good  "stick-and-rudder "  men  as  test 
pilots  to  choosing  good  stick-and-rudder  men  with  solid  technical  credentials.  In  Great 
Britain,  Edward  Busk  had  introduced  scientific  methods  to  flight  testing  at  Farnborough. 

[6]  After  Busk’s  tragic  death  in  an  aircraft  accident,  Frederick  Lindemann,  William 
Farren,  and  Henry  Tizard,  trained  scientists  all,  continued  this  trend.  Lindemann — who 
eventually  became  Prime  Minister  Winston  Churchill's  scientific  advisor  during  the  Second 
World  War--conducted  a  major  experimental  study  of  spinning,  complementing  a  theoretical 
analysis  of  the  problem  that  he  had  already  undertaken . [7]  This  "scientific"  influence 
extended  across  the  Atlantic  as  well,  to  early  American  test  pilots  such  as  Edmund  T. 
"Eddie"  Allen  (who  flew  for  the  U.S.  Army  at  Britain's  Martlesham  Heath  testing  center), 
and  Thomas  Carroll  of  the  National  Advisory  Committee  for  Aeronautics  (NACA) .  The  NACA, 
created  in  1915  by  an  act  of  Congress  "To  supervise  and  direct  the  scientific  study  of 
the  problems  of  flight,"  did  much  to  place  American  flight  testing  on  a  firm  scientific 
basis.  The  NACA  began  its  flight  research  activities  in  1919  at  the  Langley  Memorial 
Aeronautical  Laboratory  (now  NASA  Langley  Research  Center)  using  Curtiss  JN-4H  Jenny 
trainers. (8]  Two  years  earlier,  the  American  military  services  recognized  the  unique 
importance  of  flight  testing  by  creating  specialized  test  centers,  beginning  with  the 
establishment  of  Anacostia  N?.”al  Air  Station  in  1917.  The  next  year,  1918  ,  the  Army 
established  McCook  Field  in  Ohio  as  the  Signal  Corps'  experimental  laboratory.  In  fact, 
both  military  services  had  a  heritage  of  flight  research  predating  the  creation  of  these 
two  centers,  but  the  creation  of  these  centers  marked  an  important  milestone  in  the  evo¬ 
lution  of  American  military  aeronautics.  Anacostia  remained  the  Navy's  flight  testing 
center  until  the  establishment  of  the  Naval  Air  Test  Center  at  NAS  Patuxent  River  in 
1943.  Likewise,  McCook  eventually  gave  way  to  Wright  Field,  and  Wright,  in  turn,  to 
Edwards  Air  Force  Base,  as  the  air  service's  premier  flight  testing  center.  These  early 
centers  were  no  less  professional  in  their  approach  to  flight  testing  and  flight  research 
than  their  successors  are  in  the  present  day.  For  example,  McCook  pilots  and  engineers 
submitted  detailed  reports  on  new  aircraft,  with  remarks  on  control  forces,  control  effect¬ 
iveness,  stability,  handling  characteristics,  and  the  efficiency  of  cockpit  instrument 
displays. £  9  J 

Professional  flight  researchers  and  aircraft  designers  recognized  that  the  devil- 
may-care  "show  me  the  stick  and  I'll  fly  it"  test  pilot  was  a  dangerous  anachronism,  who 
was  disappearing  in  fact  if  not  in  fiction.  In  1920,  Edward  P.  Warner  and  F .  H.  Norton 
of  the  NACA  wrote  that  "Test  flying  is  a  highly  specialized  branch  of  work,  the  difficult¬ 
ies  of  which  are  not  generally  appreciated,  and  there  is  no  type  of  flying  in  which  a  dif¬ 
ference  between  the  abilities  of  pilots  thoroughly  competent  in  ordinary  flying  becomes 
more  quickly  apparent (10]  Warner,  an  individual  who  greatly  influenced  the  subsequent 
history  of  American  flight  testing,  stressed  giving  the  test  pilot  training  in  analytical 
methods.  During  this  time,  a  number  of  Federal  and  private  organizations  started  issuing 
formal  flight  testing  handbooks  and  instruction  guides  for  prospective  flight  test  crews. 
One  such,  by  Army  Captain  George  Patterson,  quaintly  warned  that  test  crews  should  not 
use  pens  to  record  information,  "as  the  ink  will  freeze  at  high  altitudes 11 1  In  1927, 
Lawrence  V.  Kerber  (the  former  director  of  flight  testing  at  Wright  Field)  and  W.  F. 
Gerhardt  issued  a  pioneering  guide,  A  Manual  of  Flight  Test  Procedure,  leaving  no  doubt 
as  to  how  exacting  the  flight  testing  process  was  becoming. [ 12} 

During  the  1920's,  flight  research  and  flight  testing  advanced  rapidly,  keeping 
pace  with  major  changes  affecting  the  development  of  aeronautical  technology.  Among  the 
revolutions  transforming  aviation  at  this  time  were  the  streamline  doctrine,  which  led  to 
greater  emphasis  on  aerodynamics  and  efficient  high-speed  high-altitude  flight;  the  devel¬ 
opment  of  more  powerful  and  lightweight  engines,  particularly  the  high-performance  radial 
engine;  and  the  transformation  of  the  aircraft  structure  from  wood  to  wood-and-metal ,  and 
eventually  to  all-metal.  Flight  researchers  examined  problem  areas  relating  to  all  of 
these  subjects,  and  many  others  as  well.  They  studied  how  aircraft  behaved  in  accelerated 
flight,  flew  to  increasingly  higher  altitudes,  evaluated  new  devices  for  aircraft,  made 
the  first  landings  on  sea-going  aircraft  carriers,  and  developed  new  flying  techniques  and 
design  criteria.  In  March  '*924,  for  example.  Army  test  pilot  James  H.  "Jimmy"  Doolittle 
test-flew  a  Fokker  PW-7  exp  rimental  fighter  biplane  so  that  aeronautical  engineers  could 
better  design  future  pursuit  biplanes  to  withstand  the  forces  of  high-speed  abrupt  maneu¬ 
vers.  During  one  7 . 8g  dive  pullout,  the  rear  wooden  surface  of  the  Fokker 's  upper  wing 
cracked,  indicating  that  the  PW-7  had  reached  its  limit  load.  This,  incidentally,  refuted 
the  then-commonly  held  belief  that  wings  fail  in  a  pullout  by  shearing  backwards  towards 
the  tail. [13]  Doolittle  himself  is  a  good  example  of  the  engineering  test  pilot.  He  was 
not  an  unthinking  daredevil  but,  rather,  a  shrewdly  calculating  professional  who  eventually 
earned  an  M.S.  and  Sc.D.  in  aeronautical  engineering  (based  upon  his  flight  testing  stud¬ 
ies)  from  the  M  ssachusetts  Institute  of  Technology.  Meticulous  and  thorough  test  reports 
became  a  Doolittle  hallmark,  and  a  model  for  future  test  pilots  to  follow. [14] 

Flight  researchers  examined  new  aircraft  equipment  and  design  theories  by  testing 
such  developments  on  aircraft  in  actual  flight.  The  variable-pi tch  propeller,  the  Handley 
Page  wing  flap  and  slat,  the  smaller  ethylene  glycol  (vs.  water)  radiator,  and  the  exhaust 
driven  turbosupercharger  were  all  thus  experimentally  verif ied . [ i 5]  In  1928,  NACA  engin¬ 
eers  tested  an  experimental  radial  engine  cowling  on  a  modified  Curtiss  AT-5A  Hawk.  As 
designed,  the  uncowled  Hawk  had  a  maximum  speed  of  118  mph.  With  the  cowling,  its  speed 
jumped  to  137  mph  (equivalent  to  the  addition  of  83  hp) .  Such  results  could  not  fail  to 
impress  the  aircraft  industry,  and  the  "NACA  cowling"  soon  became  a  standard  installation 
on  radial  engine  aircraft .  1 16]  The  NACA  also  pioneered  in  instrumenting  aircraft  to 
record  flight  conditions.  This  early  work  eventually  led  to  a  document  of  major  signifi¬ 
cance,  NACA  Report  369,  by  C.  H.  Dearborn  and  H.  W.  Kirschbaum,  entitled  "Maneuverability 
Investigation  of  the  F6C-3  Airplane  with  Special  Flight  Instruments."  This  study,  which 
the  NACA  completed  in  1930,  was  the  first  detailed  examination  of  aircraft  handling 
qualities  ever  done  in  the  United  States.  Onboard  recording  instrumentation  had  provided 
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a  precise  record  of  the  airplane's  behavior  during  loops,  pullups,  pushdowns,  and  abrupt 
rudder  maneuvers.  The  results  were  then  reduced  to  easily  understood  data  that  aircraft 
designers  around  the  world  could  put  to  use  in  engineering  new  aircraft . (171  The  Daniel 
Guggenheim  Fund  for  the  Promotion  of  Aeronautics  made  a  number  of  significant  contribu¬ 
tions  to  aeronautical  education,  technology,  and  flight  safety  during  its  short  four- 
year  existence  from  1926  to  1930.  In  particular,  two  of  its  more  important  activities 
involved  flight  testing  and  flight  research  in  the  fields  of  so-called  "blind"  (instrum¬ 
ent)  flying  and  short-takeof f-and-landing  (STOL)  aircraft  design. [18]  The  Fund  created 
a  special  "Full  Flight  Laboratory"  at  Mitchel  Field,  Long  Island,  in  conjunction  with 
the  Army  Air  Corps  and  the  Bureau  of  Standards  (which  was  deeply  committed  to  studying 
the  technology  of  radio  navigation  and  blind  landing  aids).  On  September  24,  1929,  Fund 
test  pilot  Jimmy  Doolittle  (on  loan  from  the  Army)  completed  the  world's  first  blind 
flight  from  takeoff  to  landing,  using  three  new  aviation  instruments  developed  at  the 
behest  of  the  Fund:  the  Kollsman  precision  altimeter,  the  Sperry  gyrocompass,  and  the 
Sperry  artificial  horizon. (191  In  1930,  the  experimental  Curtiss  Tanager  STOL  biplane 
won  the  Guggenheim  International  Safe  Aircraft  Competition  (a  British  design,  the  Handley 
Page  Gugnunc,  finished  a  very  close  second) ,  in  a  competition  notable  for  the  wide  and 
exciting  diversity  of  technological  approaches  taken  to  achieve  the  goal  of  a  truly  STOL 
aircraft.  Some  of  these  approaches  included  variable  incidence  and  variable  camber  wings, 
wing  slats  or  slots,  flaps,  spoilers,  long-stroke  landing  gears,  adjustable  horizontal 
stabilizers,  and  so-called  "floating"  ailerons.  The  information  acquired  during  this 
noteworthy  competition  provided  valuable  design  criteria  for  subsequent  STOL  aircraft . (20) 

The  1930 's  witnessed  an  expansion  of  work  undertaken  in  the  'twenties,  notably 
in  the  areas  of  high-altitude  flight  (eventually  marked  by  notable  developments  in  pilot 
protective  suits,  pressure  cabins,  and  the  turbojet  engine),  rotary-wing  research  (part¬ 
icularly  the  transition  from  the  autogiro  to  the  genuine  helicopter) ,  and  in  the  increas¬ 
ing  professionalization  of  the  test  pilot.  To  further  the  desires  of  aircraft  designers 
to  develop  fast  and  efficient  long-range  high-altitude  aircraft,  various  aeronautical 
research  establishments  around  the  world  supported  extensive  studies  of  the  upper  atmos¬ 
phere.  Consequently,  engineers  and  inventors  sought  ways  to  provide  pilots  and  flight 
crews  with  adequate  physical  protection.  This  experimentation  took  the  form  of  high- 
altitude  balloon  flights  (some  marred  by  tragedy) ,  and  experiments  with  pressure  suits 
and  pressure  cabins.  In  the  United  States,  Wiley  Post  climaxed  a  long  pressure  suit  dev¬ 
elopment  program  in  March  1935  by  flying  a  modified  Lockheed  Vega  monoplane,  the  Winnie 
Mae, at  over  30,000  feet  from  Burbank,  California,  to  Cleveland,  Ohio.  Post's  experiment¬ 
al  full-pressure  suit,  though  awkward  and  uncomfortable,  worked  very  well,  and  can  be 
considered  the  ancestor  of  the  modern  full-pressure  spacesuit. [21]  Later  that  year,  Army 
pilots  Albert  Stevens  and  Orvil  Anderson  reached  72,395  feet  while  piloting  the  balloon 
Explorer  II .  [22  ]  Finally,  in  1937,  the  Army  flew  the  XC-35,  a  derivative  of  the  twin- 
engine  Lockheed  Electra  transport,  equipped  with  turbosupercharged  engines  and  a  pressur¬ 
ized  cabin.  During  extensive  testing  at  Wright  Field,  the  XC-35  validated  the  pressure 
cabin  concept,  anticipating  all  modern  pressurized  civilian  and  military  aircraf t .  [ 23 ] 

By  the  end  of  the  decade,  the  world's  first  airliner  designed  for  pressurized  operation, 
the  Boeing  Model  307  Stratoliner,  was  already  flying.  Flight  research  had  produced  results 
enabling  aircraft  designers  to  build  high  altitude  aircraft  with  confidence.  Subsequent 
research,  particularly  by  then-Colonel  W.  Randolph  Lovelace  of  the  Aero-Medical  Laboratory 
at  Wright  Field  and  the  Boeing  company,  confirmed  the  practicality  of  developing  aircraft 
and  training  aircrews  to  operate  routinely  above  30,000  feet.  This  work  had  an  important 
impact  on  post-World  War  II  commercial  aircraft  operations  in  addition  to  its  obvious 
military  significance .[ 24 ] 

Development  of  rotary-wing  aircraft  made  major  strides  in  the  1930's,  building 
upon  earlier  development  of  the  autogiro  by  Spanish  engineer  Juan  de  la  Cierva  in  the 
1920's.  With  its  unpowered  rotor  system,  the  autogiro  could  not  accomplish  the  true 
vertical  takeoff  and  landings  possible  with  the  genuine  helicopter,  and  thus,  despite  its 
remarkable  STOL  performance,  remained  more  an  indication  of  what  still  needed  to  be  done 
than  as  a  fulfillment  of  promise  itself.  Rudimentary  helicopters  appeared  during  the 
1930's,  typified  by  the  coaxial  Gyroplane  Laboratoire  of  Louis  Breguet  and  Ren£  Dorand 
and  the  twin-rotor  Focke-Achgelis  Fw  61  of  Heinrich  Focke,  but  it  remained  for  expatriate 
Russian  designer  Igor  Sikorsky  to  develop  the  helicopter  into  a  practical  reality,  begin¬ 
ning  with  his  VS-300  testbed .  The  VS-300  made  its  first  tethered  ascent  in  1939,  and 
months  of  thorough  exploratory  and  developmental  flight  testing  were  required  before  it 
completed  its  first  successful  free  flight  on  May  13,  1940.  Further  experimentation  to 
improve  its  controllability  resulted  in  Sikorsky  developing  a  totally  satisfactory  control 
system  that  subsequently  appeared  on  the  Sikorsky  R-4 ,  the  world's  first  production  heli¬ 
copter.  Once  again,  flight  testing  had  refined  a  good  concept  into  a  workable  production 
system.  (25]  Complementing  this  developmental  work  were  analytic  studies  by  the  NACA  using 
a  variety  of  early  autogiros  and  helicopters.  The  NACA  had  begun  its  rotary-wing  flight 
testing  research  with  a  Pitcairn  PCA-2  purchased  in  1931,  averaging  two  flights  per  week 
over  the  next  five  years.  The  NACA  trained  a  coterie  of  Army  personnel  in  rotary-wing 
flight  testing  methods  who  then  returned  to  the  service  and  established  an  acceptance 
testing  program,  freeing  the  NACA  to  concentrate  on  research.  Subsequent  NACA  work 
emphasized  research  on  controllability,  rigid  rotors,  blade  motion,  and  rotor  dynamics 
and  loads.  NACA's  work  in  this  field  accelerated  the  development  of  more  sophisticated 
helicopters  after  the  Second  World  War,  and  presaged  the  extensive  work  undertaken  by  the 
NASA  on  helicopters  and  prop-rotor  V/STOL  technology,  perhaps  best  exemplified  by  the 
recent  Bell  XV-15  tilt-rotor  program. [26] 

A  series  of  sensational  motion  pictures  caused  the  1930 's  public  to  regard  the 
test  pilot  as  a  short-lived  wild  character  with  no  concern  for  personal  safety,  who  had 
overdeveloped  qualities  of  foolhardiness  and  underdeveloped  qualities  of  common  sense, 
what  professional  flight  testers  scorned  as  a  "high  guts  to  brains  ratio."  The  worst  and 
most  influential  of  these  films  was  Test  Pilot,  starring  Clark  Gable,  Spencer  Tracy,  and 
Myrna  Loy .  This  unfair  and  demeaning  portrait  enjoyed  then--and  still  enjoys,  to  some 
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extent — wide  acceptance.  Serious  test  pilots,  such  as  Eddie  Allen,  wrote  refutations 
that  never  quite  succeeded  in  catching  up  to  the  myth.  Commenting  on  the  demise  of  the 
"here  goes  nothing"  approach  to  test  flying,  Allen  stated  that  "Under  the  changing  condi¬ 
tions  of  increasing  Knowledge,  fatalistic  risk  taking  becomes  ignorant  recklessness .  27] 

Unfortunately,  occasionally  a  test  pilot  did  take  a  foolish  chance,  and  endow  the  myth 
with  the  trappings  of  veracity.  Contract  test  pilot  Jimmy  Collins  had  popularized  the 
myth  in  his  own  best-selling  book  Test  Pilot,  and  tragically  fulfilled  it  shortly  there¬ 
after  by  crashing  the  experimental  Grumman  XF3F-1  biplane  fighter  during  a  rash  and  ill- 
judged  dive  pullout  that  overstressed  the  airplane.  Such  actions  demonstrated  only  too 
well  that  a  test  pilot  must  be  thoroughly  acquainted  with  the  potential  dangers  stemming 
from  his  actions. [28]  By  the  early  1940's,  the  contract  test  pilot,  a  free-lancer  who 
flew  for  a  variety  of  companies,  was  increasingly  an  anachronism,  though  some  of  these 
individuals — such  as  Eddie  Allen  himself,  and  Vance  Breese— were  truly  outstanding  air¬ 
men.  The  future  belonged  to  the  careerists — the  test  pilots  who  flew  for  the  government 
or  for  private  industry.  Increasingly,  then,  a  need  arose  to  train  and  furnish  such  men 
to  the  aeronautical  community,  endowing  them  with  standardized  training  and  strong  tech¬ 
nical  backgrounds.  Out  of  this  need,  and  particularly  from  the  urgency  of  Second  World 
War  demands,  emerged  the  first  test  pilot  schools.  Great  Britain  created  the  Empire  Test 
Pilots'  School  (ETPS) ,  where  prospective  test  pilots  could  receive  a  thorough  grounding 
in  flight  test  procedures.  In  the  United  States,  the  Navy  followed  with  creation  of  the 
Naval  Test  Pilot  School  at  Patuxent  River,  and  the  Army  Air  Forces  started  a  similar 
school  at  Vandalia  Airport,  near  Wright  Field.  After  the  Second  World  War,  the  USAF 
moved  this  latter  school  to  Edwards  Air  Force  Pase.  (Other  such  schools  followed,  notably 
in  France,  and  recently  a  new  civilian  school,  the  National  Test  Pilot  School,  has  begun 
operations  at  Mojave,  California,  in  the  midst  of  the  Antelope  Valley’s  flight  testing 
nexus) .  Neatly  fitting  into  this  manifestation  of  interest  in  ensuring  the  professional 
standards  of  flight  test  pilots  was  the  work  of  the  NACA.  Late  in  the  1930's,  Hartley  A. 
Soule  and  Robert  R.  Gilruth  of  the  Langley  laboratory  began  an  extensive  investigation 
aimed  at  deriving  a  standard  set  of  guidelines  within  the  field  of  aircraft  stability  and 
control  so  that  test  pilots,  flight  test  engineers,  and  designers  would  all  speak  a  common 
"language."  This  resulted  in  the  issuance  of  a  landmark  1941  report  (NACA  Report  755)  by 
Gilruth  entitled  "Requirements  for  Satisfactory  Flying  Qualities  of  Airplanes,"  issued  in 
1943.  After  the  Second  World  War,  the  NACA  continued  its  efforts  to  define  standard 
pilot  rating  criteria.  Test  pilot  George  E.  Cooper  of  the  NACA  Ames  Aeronautical  Labor¬ 
atory  derived  a  ten  point  pilot  opinion  scale  which  (in  its  original  form)  rated  aircraft 
performance  as  "Satisfactory"  (1-3),  "Unsatisfactory"  (4-6),  "Unacceptable"  (7-9),  and 
"Unprintable"  (10).  In  expanded  and  refined  form,  of  course,  this  became  the  justly  famed 
Cooper-Harper  scale,  used  world-wide  for  the  evaluation  cf  new  aircraft . [29] 

Aside  from  service  testing  of  military  airplanes  for  wartime  duty,  the  major 
challenges  of  aeronautical  development  in  the  1940 's  were  building  upon  the  turbojet  rev¬ 
olution  and  "breaking"  the  so-called  sound  barrier.  The  turbojet  revolution  was  the  pro¬ 
duct  not  of  the  aero-propulsion  community  but,  rather,  from  individual  inventors  who  built 
small  demonstrator  powerplants  and  flew  them  in  rudimentary  research  airplanes.  Only  after 
demonstrating  the  potentialities  of  the  gas  turbine  in  such  fashion  were  these  inventors 
and  their  backers  able  to  convince  unenthusiastic  engine  manufacturers  and  governments  to 
support  further  turbojet  development.  The  two  major  figures  in  gas  turbine  research  were 
the  British  test  pilot  and  engineer  Frank  Whittle,  and  the  German  physicist  Hans  von  Ohain. 
Shrewdly  aligning  himself  with  German  industrialist  Ernst  Heinkel,  von  Ohain  was 
able  to  undertake  development  of  the  Heinkel  He  178  technology  demonstrator,  which  com¬ 
pleted  the  world's  first  jet  flight  on  August  27,  1939.(30]  Whittle’s  work  resulted 
in  the  Gloster  E. 28/39,  which  flew  in  May  1941.(31]  Surprisingly,  in  light  of  outstanding 
early  turbosupercharger  work,  the  United  States  came  in  third  in  the  jet  engine  race, 
behind  Germany  and  England.  On  October  1,  1942,  Bell  test  pilot  Robert  M.  Stanley 

ushered  in  the  American  jet  era  with  a  brief  flight  in  the  experimental  Bell  XP-59A  Aira- 

comet.  So  secret  was  this  program  (essentially  a  blending  of  an  American  airframe  with 
Whittle  engine  technology  imported  from  Great  Britain)  that  all  tests  were  conducted  in 
the  remote,  barren  surroundings  of  Muroc  and  Harper  Dry  Lakes.  Indeed,  at  one  point, 

security  personnel  disguised  the  plane  with  a  bogus  propeller .( 32 ]  The  XP-59A  soon  gave 

way  to  the  Lockheed  XP-80  Shooting  Star,  first  tested  at  Muroc  in  early  1944.  This  latter 
aircraft,  of  course,  eventually  spawned  one  of  the  most  successful  families  of  jet  air¬ 
planes,  the  P/F-80  fighter,  T-33  trainer,  and  F-94  interceptor  family.  Development  of 
the  P-80  occurred  too  late  to  permit  its  introduction  into  combat,  though  both  Germany 
and  Great  Britain  placed  jet  aircraft  into  operational  service  (the  Me  262,  Ar  234, 
and  He  162,  and  the  British  Gloster  Meteor)  before  war's  end. [33]  The  U.S.  Navy  also 
pursued  jet  development,  and  on  July  20,  1946,  Lt.  Cmdr.  James  Davidson  landed  the  proto¬ 
type  McDonnell  XFD-1  Phantom,  a  twin- jet  design,  aboard  the  carrier  U.S.S.  Franklin  D. 
Roosevelt ,  sending  the  Navy  into  the  jet  age. [34]  With  500+  mph  jet  speeds^  the  time 
available  to  pilots  to  make  critical  decisions  decreased  markedly,  and  flight  test 
personnel,  accustomed  to  testing  piston-powered  aircraft,  had  to  institute  special  pro¬ 
cedures  for  use  with  jets.  [35]  Bell  engineer  Benson  Hamlin  prepared  the  first  guide  to 
gas  turbine  aircraft  testing,  Flight  Testing  Conventional  and  Jet  Propelled  Airplanes, 
in  1946. [36] 

The  inability  of  1940 's  wind  tunnels  to  furnish  reliable  transonic  aerodynamic 
information,  together  with  the  well-publicised  loss  of  several  test  aircraft  from  so- 
called  "compressibility"  (most  notably  Ralph  Virden  in  a  Lockheed  P-38) ,  led  the  NACA 
and  the  military  services  (in  conjunction  with  private  industry)  to  undertake  joint 
transonic  and  supersonic  research  aircraft  development  programs,  generating  the  famed 
postwar  "X-series"  of  experimental  airplanes.  The  plane  itself  now  became  a  unique 
research  tool,  using  the  sky  as  a  laboratory.  These  American  efforts  mirrored  equivalent 
efforts  abroad,  notably  by  Great  Britain  and  Germany.  Along  the  way,  various  stop¬ 
gap  methods  of  research  were  attempted,  particularly  use  of  modified  bombers  to  drop 
falling  body  aerodynamic  shapes,  rocket-propelled  models,  and  experiments  with  diving 
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fighters.  One  of  the  most  interesting  interim  test  methods  involved  the  so-called  "wing 
flow"  method  of  research,  using  a  small  model  mounted  on  a  balance  mechanism  installed 
in  the  gun  bay  of  a  modified  P-51  Mustang.  NACA  pilots  would  dive  the  Mustang  to  over 
Mach  0.7,  and  the  behavior  of  the  small  model  in  the  resulting  accelerated  transonic 
flow  would  be  recorded  by  onboard  instrumentation  for  subsequent  analysis.  American 
researchers  dived  P-38,  P-47,  and  P-51  fighters  as  high  as  Mach  0.82  [37],  and  German 
investigators  took  Bf  109,  FW  190,  Me  163,  and  Me  262  fighters  to  as  high  as  Mach  0.8^. 

[38]  Test  pilot  A.  F.  Martindale  of  the  Royal  Aircraft  Establishment,  however,  achieved 
Mach  0.9  (±.01)  in  a  Spitfire  Mk.  XI  during  carefully  conducted  flight  testing  at  Farn- 
borough  in  1943.  Starting  at  an  altitude  of  40,000  feet,  he  attained  an  airspeed  of  CIO 
mph  at  29,000  feet  before  initiating  a  2.2g  pullout. [39]  All  of  this  work,  with  models, 
falling  bodies,  and  diving  fighters,  encouraged  proponents  of  piloted  research  aircraft 
that  could  undertake  research  missions  in  level  flight,  without  the  time  constraints  and 
associated  hazards  present  when  diving  towards  the  earth  in  a  buffeting  and  marginally 
controllable  aircraft. 

The  evident  great  interest  of  German  aerodynamicists  in  high-speed  flight  planforms 
such  as  the  swept,  delta,  and  tailless  configurations  vindicated  the  work  of  Allied  inves¬ 
tigators  who  had  studied  such  designs,  and  also  stimulated  postwar  development  of  new  ones. 
But  the  problem  of  transonic  flight  remained.  Geoffrey  de  Havilland  Jr.  perished  in  the 
crash  of  the  tailless  De  Havilland  D.H.  108  Swallow  research  airplane  when  it  broke  up 
in  the  midst  of  a  violent  longitudinal  pitching  oscillation  at  approximately  Mach  0.87; 
his  death  coincided  with  a  British  governmental  decision  to  abandon  construction  of  spec¬ 
ialized  transonic  research  aircraft,  notably  the  Miles  M.52,  on  grounds  of  safety  and 
economy. [40]  The.  first  manned  supersonic  flight  occurred  on  October  14,  1947,  when  Air 
Force  test  pilot  Charles  E.  "Chuck"  Yeager  reached  Mach  1.06  (approximately  700  mph)  at 
43,000  feet,  over  the  Mojave  Desert  near  Muroc,  flying  the  rocket-propelled  and  air- 
launched  Bell  XS-1 .  The  significance  of  this  accomplishment,  considered  at  the  time  the 
most  important  flight  since  that  of  the  Wrights  at  Kitty  Hawk,  cannot  be  overemphasized. 
Aviation  science  had  crossed  the  invisible  threshold  to  flight  faster  than  sound,  and  the 
notion  of  a  "sound  barrier"  crumbled  into  ruin.  The  test  pilot  subsequently  wrote  that; 
[41] 

"With  the  stabilizer  setting  at  2°  the  speed  was  allowed  to  increase  to 
approximately  .98  to  .99  Mach  number  where  elevator  and  rudder  effectiv¬ 
eness  were  retained  and  the  airplane  seemed  to  smooth  out  to  normal  flying 
characteristics.  This  development  lent  added  confidence  and  the  airplane 
was  allowed  to  continue  to  accelerate  until  an  indication  of  1.02  on  the 
cockpit  Mach  meter  was  obtained.  At  this  indication  the  meter  momentarily 
stopped  and  then  jumped  to  1.06  and  this  hesitation  was  assumed  to  be  caused 
by  the  effect  of  shock  waves  on  the  static  source.  At  this  time  the  power 
units  [the  four-chamber  XLR-11  rocket  engine-ed.)  were  cut  and  the  airplane 
allowed  to  decelerate  back  to  the  subsonic  flight  condition.  When  decel¬ 
erating  through  approximately  .98  Mach  number  a  single  sharp  impulse  was 
experienced  which  can  best  be  described  by  comparing  it  to  a  sharp  turbu¬ 
lence  bump." 

Yeager's  matter-of-fact  report  belied  the  very  real  drama  that  had  attended  the  flight. 

Companies  now  set  out  to  exploit  the  supersonic  breakthrough,  and  many  new  config¬ 
urations  underwent  flight  verification  before  being  applied  to  new  supersonic  aircraft. 
Researchers  examined  the  sweptwing  concept  with  the  low-speed  Bell  L-39  testbed  before 
placing  the  North  American  F-86A  Sabre  into  production,  and  later  used  sweptwings  on  the. 
high-speed  Douglas  D-558-2  Skyrocket  (the  first  Mach  2  airplane,  in  1953)  and  the  ill- 
fated  Bell  X-2  (the  first  Mach  3  airplane,  in  1956).  They  explored  and  rejected  the  semi- 
tailless  configuratj  »n  with  the  ftoithorp  X-4  (which  manifested  the  same  kind  of  disturbing 
stability  and  contrr llabili ty  problems  encountered  by  the  earlier  Messerschmi tt  Me  163 
and  the  tragic  D.H.  108,  though  fortunately  not  to  the  same  disastrous  degree).  The  var¬ 
iable  sweep  wing  underwent  proof  of  concept  testing  with  the  Bell  X-5.  The  thin  low- 
aspect-ratio  wing  first  flew  on  the  Douglas  X-3  and  encouraged  Lockheed  to  pursue  a 
similar  planform  with  the  XF-104  Starfighter,  first  flown  in  1954.  The  delta  wing  first 
flew  on  the  Convair  XF-92A  testbed  of  1948,  inspiring  the  subsequent  F-102/F-106/B-58 
family  of  aircraft.  Foreign  delta  research  aircraft  included  the  Avro  707  and  Fairey 
F.D.2.  The  French  pioneered  ramjet  aircraft  studies  with  the  Leduc  010  of  1949,  and  the 
Mach  2+  Nord  Griffon.  But  flight  research  continued  to  extract,  a  heavy  price  for  the 
technical  gains.  All  three  D.H.108's  crashed,  killing  their  pilots.  Three  X-l's,  two 
X-2's,  one  X-5,  and  one  D-558-1  Skystreak  were  lost,  killing  five  airmen.  The  Air  Force 
renamed  Muroc  as  Edwards  AFB  after  the  loss  of  a  Northrop  YB-49A  Flying  Wing  and  its 
pilot,  Capt .  Glen  Edwards.  The  YB-49A  Flying  Wing  represented  an  elegant  attempt  to 
achieve  what  has  been  one  of  flight's  oldest  and  most  seductive  visions--a  pure  stream¬ 
line  all-wing  craft  unencumbered  by  the  addition  of  tail  surfaces  or  fuselage.  Yet  there 
are  also  elements  of  pathos  as  well,  for  the  Flying  Wing  was,  at  the  time,  too  challenging 
a  concept  for  the  state  of  aviation  technology.  The  all-jet  YB-49A  represented  a  poor 
compromise;  an  aircraft  originally  designed  as  a  piston-eng ine  propeller-driven  bomber 
(the  XB-35)  hastily  modified  as  a  jet  aircraft,  and  lacking  the  aerodynamic  design  and 
structure  necessary  to  take  advantage  of  the  gas  turbine's  performance.  More  serious  were 
longitudinal  and  directional  instabilities,  which  posed  major  challenges  at  a  time  when 
the  state  of  stability  augmentation  technology  was  nowhere  near  as  sophisticated  as  it  is 
today.  Though  futuristic  in  concept,  the  Northrop  XB-35  and  YB-49--with  aging  aerodynam¬ 
ics,  and  afflicted  by  abysmal  stability  problems — were  simply  the  wrong  aircraft  at  the 
wrong  time.  Today,  with  the  revolutionary  advances  of  electronic  flight  control  techno¬ 
logy  and  the  development  of  sophisticated  composite  structures,  the  opportunity  for  a 
successful,  practical  long-range  flying  wing  bomber  has  never  looked  brighter — as  is 
evident  with  the  ongoing  development  of  the  Northrop  B-2,  the  Advanced  Technology 
Bomber . [42] 
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By  mid-century,  flight  testing  and  flight  research  had  firmly  established  itself 
in  aeronautical  science,  and  research  centers  such  as  America's  Edwards,  Great  Britain's 
Boscombe  Down,  or  France's  Istres  were  known  world-wide;  the  very  mention  of  the  names 
implied  uncompromising  standards,  exactitude,  and  precision.  Graduates  of  the  test 
pilot  schools  located  at  these  centers  served  governments  and  industry  around  the  world, 
examining  new  concepts  and  problems.  (The  pilots  recognized  their  professionalism  by 
forming,  in  1955,  The  Society  of  Experimental  Test  Pilots;  SETP  membership  likewise  has 
spread  world-wide) . [43]  Significantly,  the  flight  testing  process  had  become  a  tightly 
structured  one  following  precise  methodology.  An  examination  of  flight  test  methods  in 
use  by  the  United  States  Air  Force  from  1947  through  the  1970 's  offers  an  opportunity  to 
see  how  changes  in  technology,  requirements,  and  test  philosophy  resulted  in  evolutionary 
changes  in  the  methodology  of  flight  testing  itself. (44] 


Phase  Testing  (Unofficial) ,  1947-1951 

Phase 

Purpose 

Tester 

Aircraft 

I 

Basic  Airworthiness 

Contractor 

Prototype 

II 

Verify  Contractual  Guarantees 
(Contractor  Compliance) 

Air  Force 

prototype 

III 

Correct  Deficiences  Noted  in  II 
(Design  Refinement) 

Contractor  Pre- 

Production 

IV 

Operational  Testing 

Air  Force 

Production 

Examples ; 

F-84  (straight-wing),  F-86,  B-47 

Phase  Testing  (Official) ,  1951- 

-1958 

Phase 

Purpose 

Tester 

Aircraft 

I 

Basic  Airworthiness 

Contractor 

Prototype 

II 

Contractor  Compliance 

Air  Force 

Prototype 

III 

Design  Refinement 

Contractor  Pre-Production 

IV 

Performance  and  Stability 

Air  Force 

production 

V 

All-Weather  Operation 

Air  Force 

Production 

VI 

Functional  Development 
(to  correct  previously  undiscovered 
deficiences) 

Air  Force 

Production 

VII 

Operational  Suitability 

Air  Force 

Production 

VIII 

(added  1956) 

Unit  Operational  Employment 
Testing  (at  initial  operating 
base) 

Air  Force 

Production 

Examples : 

F-84  (sweptwing) ,  F-100,  F-104 ,  B-52 

,  KC-135 

Category  Testing,  1958-1972 

Category 

Purpose 

Tester 

Comments 

I 

Subsystem  Development  Test  & 
Evaluation 

Primarily  Contractor 
but  some  USAF  also 

First  use 
of  JTF 

II 

System  Development  Test  & 
Evaluation 

Mixed  Contractor  and 
USAF  testing 

Gradually 

increasing 

USAF  control 

III  System  Operation  Test  &  Primarily  USAF;  grad.  OT&E  under 

Evaluation  decrease  of  contractor  control  of 

role  using  comm¬ 

and 

Examples;  F-105,  F-106,  C-5,  F-lll 

Each  of  these  particular  systems  had  weaknesses  or  characteristics  that  resulted  in  their 
being  replaced  by  subsequent  ones.  Early  unofficial  phase  testing--unof f icial  in  that  it 
was  not  governed  by  any  official  document  or  directive — occasionally  resulted  in  the  Air 
Force  receiving  aircraft  that  were  not  operationally  suitable.  "Official"  phase  testing 
attempted  to  rectify  this,  but  without  success.  Instead,  the  process  grew  increasingly 
long,  and  operational  suitability  issues  remained — chiefly  because  the  time  period  that 
this  process  operated  in  coincided  with  the  rapid  proliferation  of  aircraft  subsystems 
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such  as  search  radars  and  fire  control  systems.  For  example,  nearly  half  of  the  Convair 
F-102A  Delta  Dagger  interceptors  delivered  to  the  Air  Force  lacked  functioning  fire  con¬ 
trol  systems,  necessitating  time-and-cost-consuming  retrof it .  1 4 4 ]  Category  testing  like¬ 
wise  attempted  to  address  these  problems,  introducing  the  concept  of  the  Joint  Test  Force. 
■J  ' joi.rn.nesa  ..  arxed  wc.*,  per -jistiag  tc  *.r.«=  present  day,  but  some  problems 

still  remained,  such  as  duplicative  testing,  insufficient  Air  Force  involvement  in  the 
Category  I  testing  (and,  hence,  little  "heads  up"  warning  of  potentially  serious  defi¬ 
ciencies)  ,  and  an  unsatisfactory  Category  III  test  process  that,  in  some  cases,  tended 
to  actually  delay  and  hinder  the  introduction  of  an  aircraft  into  operational  use.  The 
"concurrency"  philosophy  of  the  1960 's  likewise  impacted  upon  successful  category  testing, 
resulted  in  production  of  aircraft  having  deficiences  that  had  to  be  worked  out  or  lived 
with  by  the  using  command.  The  B-58,  C-5,  C-141,  and  (above  all)  the  F-lll  are  classic 
examples  of  aircraft  that  encountered  serious  delays  and  difficulties  because  of  weak¬ 
nesses  in  the  category  testing  process. [44]  Following  a  Presidential  "Blue  Ribbon" 
defense  study  in  1970  that  acknowledged  the  generally  satisfactory  nature  of  developmental 
testing  but  the  persistent  problems  with  operational  test  and  evaluation,  the  Air  Force 
dropped  category  testing  in  mid-1972,  replacing  it  with  the  notion  of  DT&E/OT&E  that, 
in  a  general  sense,  persists  to  the  present  day;  time  phasing  became  less  significant, 
and  passing  critical  milestone  points  assumed  much  greater  significance.  Continued 
interest  in  operational  testing  by  a  structure  separate  from  both  the  R&D  and  user 
commands  led  to  the  creation  of  the  Air  Force  Test  and  Evaluation  Center  (AFTEC)  at  the 
beginning  of  1974.  These  developments  occurred  concurrently  with  a  general  return  to  the 
"fly-before-buy"  acquisition  philosopher  that  had  previously  governed  military  aircraft 
development,  but  which  had  been  dispensed  with  in  the  1960 's.  The  return  to  competitive 
fly-offs  was  signaled  by  the  AX  competition  (won  by  the  Fairchild  A-10  as  opposed  to  the 
Northrop  A-9) ,  and  the  Lightweight  Fighter  (YF-16  vs.  YF-17)  competition .[ 44 ] 

The  1950's  were  a  particularly  fruitful  period  in  flight  testing,  as  evidenced  by 
the  profusion  of  testbed  and  demonstrator  aircraft  developed  world-wide  for  a  variety  of 
purposes.  They  offered  engineers  and  designers  the  chance  to  experimentally  verify  or 
refute  numerous  ideas  such  as  variable  wing  sweeping  (with  the  X-5  and  Grumman  XF10F-1) , 
tail-sitting  VTOL  aircraft  (the  Convair  XFY-1  and  Ryan  X-13) ,  the  Whitcomb  area-rule 
(with  the  YF-102A  and  Grumman  FllF-1  Tiger),  rubber-mat  landing  pads,  and  other  schemes. 
Flight  testing  unveiled  new  problems,  such  as  sweptwing  pitchup  (discovered  on  the  Douglas 
D-558-2  Skyrocket) ,  and  coupled  motion  instability  (revealed  by  the  Douglas  X-3  and  the 
North  American  F-100A  Super  Sabre) .  Coupled  motion  instability  led  to  the  loss  of  the 
Bell  X-2  at  Mach  3.196  on  September  27,  1956,  and  the  death  of  test  pilot  Milburn  Apt. 
Earlier  in  the  month,  Iven  Kincheloe  had  flown  the  plane  to  an  altitude  of  126,200  feet, 
the  first  near-space  manned  flight,  revealing  the  difficulties  of  flying  a  plane  with 
conventional  control  surfaces  in  a  low  dynamic  pressure  environment,  and  helping  spur  the 
development  of  reaction  control  thruster  for  the  subsequent  hypersonic  North  American 
X-15 .  [45] 

The  North  American  X-15  program  constituted  a  milestone  effort  on  the  road  to 
winged  lifting  reentry  from  space.  It  also  forced  major  advances  in  high-speed  flight 
technology  and  flight  test  techniques  and  facilities.  In  January  1945,  an  experimental 
winged  Nazi  A-4b  missile  (essentially  a  V-2  with  a  low  aspect  ratio  sweptwing)  had  been 
successfully  boosted  into  the  upper  atmosphere,  transitioning  from  a  ballistic  flight 
path  to  a  Mach  4  supersonic  glide  before  experiencing  structural  failure  and  breaking  up. 
This  was  the  fastest  flight  by  a  winged  vehicle  until  the  advent  of  X-15  testing  in 
1959.  [46]  The  A-4b  experiment  followed  on  the  heels  of  speculative  work  by  the  team  of 
Eugen  Sanger  and  Irene  Sanger-Bredt  regarding  the  possibility  of  long-range  hypersonic 
flight  involving  global  and  even  orbital  operations .[ 47 ]  These  earlier  efforts,  as  veil 
as  the  baseline  of  experience  from  the  "Round  One"  rocket  research  airplanes  (the  X-l, 

X-2,  and  Douglas  D-558-2  families),  all  influenced  the  subsequent  development  of  the  X-15. 
Three  of  the  X-15  aircraft  were  built,  designed  for  air-launching  from  a  modified  Boeing 
B-52  mothership.  The  X-15's  were  the  first  aircraft  designed  to  have  a  structure  capable 
of  withstanding  the  thermal  gradients  experienced  in  hypersonic  flight,  as  well  as  the 
first  to  be  propelled  by  throttleable  "man-rated"  liquid-rocket  engines.  They  were  true 
"aero-space"  craft,  and  required  a  complex  flight  control  system  consisting  of  aerodynamic 
control  surfaces  (including  a  rolling  tail  and  cruciform  tail  configuration) ,  and  reaction 
control  thrusters.  The  pilot  had  no  less  than  three  control  systems:  a  center  stick  for 
approach  and  landing,  a  sidestick  for  high  speed  flight,  and  a  reaction  controller.  Like¬ 
wise,  the  X-15  required  that  the  pilot  have  the  benefit  for  full-time  full-pressure 
protection,  necessitating  the  development  of  a  genuine  spacesuit  by  the  David  M.  Clark 
company;  this  suit  subsequently  greatly  influenced  the  development  of  American  suits  used 
in  the  space  program.  It  also  required  creating  a  special  485  mile  test  corridor  with 
three  tracking  stations  located  at  Ely  and  Beatty,  Nevada,  and  at  Edwards.  Nothing  this 
extensive  had  previously  existed  for  flight  research,  and  it  foreshadowed  the  worldwide 
tracking  network  developed  for  the  later  manned  spacecraft  program. [48]  Thus,  the  three 
X-15  aircraft  bridged  the  gap  between  flight  within  the  atmosphere  and  flight  into  space. 

A  modified  x-15,  the  X-15A-2  (which  was  slightly  lengthened  and  had  provisions  for  jett- 
isonable  external  fuel  tanks)  reached  Mach  6.72  (4,520  mph) , /while  another  attained  an 
altitude  of  354,200  feet  (67  miles).  The  information  output  of  this  highly  successful 
and  ambitious  flight  research  program  boiled  down  to  700  technical  documents,  equivalent 
to  the  output  of  a  typical  4,000  person  Federal  research  center  for  more  than  two  years. 
[49]  Unfortunately,  the  loss  of  test  pilot  Michael  Adams  in  the  crash  of  the  third  X-15 
in  late  1967  put  a  high  price  on  this  effort.  The  X-15  flight  research  program  consisted 
of  two  phases:  an  aerodynamic  and  structural  heating  investigation  phase  and,  increas¬ 
ingly  after  1963,  a  follow-on  program  whereby  the  X-15  aircraft  were  utilized  to  carry 
experiments  into  the  upper  atmosphere  or  to  high  Mach.  Through  this  applications  res¬ 
earch  program,  the  X-15  aided  space  science  research  and,  in  particular,  the  Apollo  pro¬ 
gram.  This  ten-year  effort,  which  lasted  from  1959  to  1969  and  involved  199  research 
flights,  constituted  the  most  productive  and  exciting  research  aircraft  program. [50] 
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The  X-15  did  not  constitute  the  only  noteworthy  effort  in  the  high  speed  flight 
domain  during  the  rate  1950's  and  into  the  1960's.  Of  particular  significance  were 
the  Lockheed  Blackbird,  North  American  XB-70A,  and  Anglcf-French  Concorde  SST  development 
efforts.  Under  conditions  of  great  secrecy,  Lockheed  test  crews  evaluated  a  radical 
Mach  3+/oO,vOu  ru.T  supersonic,  aircraft,  the  blended  wing-body  A-12,  served  as  the 

basis  for  the  subsequent  YF-12A  experimental  interceptor  and  the  SR-71A  strategic  recon¬ 
naissance  aircraft.  The  Mach  3+  A-12  posed  tremendous  challenges  in  both  design  and  in 
flight  testing;  designer  "Kelly"  Johnson  remarked  subsequently  that  virtually  everything 
about  the  titanium  aircraft  "had  to  be  invented  from  scratch. "  [51]  Flight  testing  such 
a  craft  of  necessity  occupied  large  blocks  of  airspace;  some  flights  covered  the  whole 
southern  United  States,  from  California  to  Florida  and  back. [52]  Though  some  aircraft 
and  crews  were  lost,  by  and  large  the  flight  testing  program  went  smoothly,  paving  the 
way  for  introduction  of  the  SR-71  into  service  in  the  mid-1960's.  The  Blackbird  subse¬ 
quently  went  on  to  a  long  and  distinguished  career  as  a  national  security  asset.  NASA, 
in  conjunction  with  the  Air  Force,  undertook  a  comprehensive  supersonic  investigation 
program  with  -two  YF-12's  from  1969  through  1979,  materially  aiding  understanding  of  the 
problems  of  large  sustained  supersonic  aircraft,  particularly  those  of  structural  loading 
due  to  thermodynamic  effects,  aerodynamic  and  propulsion  interactions,  inlet  unstart, 
flight  path  management,  and  development  of  adequate  stability  augmentation  systems  and 
integrated  propulsion  and  flight  controls . [53]  In  contrast  to  the  YF-12/SR-71  effort, 
the  experience  with  the  gigantic  North  American  XB-70A  Valkyrie  proved  less  sanguine. 

This  shapely  canard  delta  represented  a  very  different  design  approach  than  the  seductive 
Blackbird.  Like  the  Blackbird,  the  XB-7QA  was  a  Mach  3  design,  though  it  rarely  actually 
attained  this  speed  in  part  because  of  difficulties  with  its  bonded  stainless  steel 
honeycomb  structure  shedding  external  skin.  Operational  problems  with  the  landing  gear, 
hydraulic  system,  and  engines  posed  continuing  headaches,  and  the  potentially  most  useful 
of  the  two  prototypes  was  lost  in  a  well-publicized  collision  with  a  chase  plane  during 
a  publicity  flight.  Though  the  XB-70A  furnished  some  useful  information  on  the  problems 
and  characteristics  of  large  supersonic  aircraft,  it  was  not  as  useful  as  the  ever-produc- 
tive  Blackbirds. [54]  The  Anglo-Franch  Concorde,  on  the  other  hand,  was  a  remarkably 
successful  program  in  terms  of  its  research  and  development,  though  airline  reluctance  to 
purchase  and  operate  supersonic  transports  limited  the  type's  service  to  Britain's  and 
France's  national  flag-carriers.  The  most  elegant  and  shapely  aircraft  ever  flown,  the 
Concorde  built  logically  upon  earlier  flight  research  experience  with  the  Griffon,  Mirage, 
and  F.D.2  families.  Beginning  in  1969,  the  prototypes  of  the  Concorde,  each  equipped  with 
twelve  tons  of  recording  instrumentation,  begain  a  cautious  and  incremental  flight  test 
program  leading  to  Mach  2.  They  passed  Mach  1  seven  months  after  the  type's  first  flight, 
and  Mach  2  over  a  year  later.  The  two  prototypes  and  five  production  aircraft  assigned  to 
te  test  program  accumulated  nearly  4,000  hours  of  flight  testing,  making  the  Concorde  the 
most  exhaustively  tested  jetliner  by  the  time  of  its  introduction  into  scheduled  service 
in  1975. [55]  At  the  complete  opposite  end  of  the  performance  spectrum,  of  course,  were 
the  numerous  STOL  and  V/STOL  testbeds  and  demonstrators  flown  during  the  1960 's,  such 
as  the  Bell  X-14B,  Curtiss-Wright  X-19,  Bell  X-22,  and  LTV  XC-142A,  various  rigid  rotor 
and  variable-stability  helicopters,  and  the  vectored-thrust  P.1127  and  its  successor  the 
Hawker  Kestrel  (from  which  evolved  the  combat-proven  Harrier) .  While  all  of  these  demon¬ 
strated  the  basic  feasibility  of  V/STOL  flight,  only  the  P.1127  proved  worthy  of  further 
development.  The  kind  of  capability  now  sought  in  the  Bell  V-22  program  (and  presaged  by 
flight  testing  with  the  XV-15  in  the  early  1980’s)  required  a  technology  base  not  yet 
available  to  researchers  in  the  1960's. [56] 

There  were,  of  course,  numerous  other  developments  and  concepts  evaluated  in  the 
1960's  and  1970's,  such  as  advanced  laminar-flow  research  (with  the  much-heralded  but 
disappointing  Northrop  X-21A),the  supercritical  wing  (evaluated  on  modified  F-8  and  F-lll 
testbeds  in  joint  NASA-Air  Force  programs) ,  and  electronic  flight  control  systems  (with 
modified  B-47,  F-4,  F-8,  Hawker  Hunter,  and  F-104  testbeds).  While  the  supercritical 
wing  work  greatly  benefitted  the  commercial  air  transport  market,  that  of  the  electronic 
flight  control  revolution  benefitted  the  development  of  a  new  generation  of  advanced  mil¬ 
itary  aircraft,  typified  by  the  F-16.  The  "Electric  Jet"  established  new  standards  of 
agility  and  maneuverability  for  fighter  aircraft,  but  also  exhibited  numerous  teething 
difficulties  caused  by  its  radical  flight  control  system.  That  these  problems  were  worked 
out  (particularly  those  dealing  with  controllability  during  high  angle-of-attack  and 
departure  conditions)  is.  due  to  the  dedicated  work  of  the  F-16  CTF ,  which  labored  long 
and  hard  to  make  the  promise  of  this  exciting  airplane  a  reality.  In  hundreds  of  hours 
of  exceptionally  hazardous  testing,  the  flight  test  crews  of  the  F-16  CTF  thoroughly 
proved  out  the  aircraft  without  loss  of  a  single  plane  or  life--a  far  cry  from  the  days 
of  testing  high-performance  aircraft  during  the  I950's.[57]  To  address  some  of  the  risks 
inherent  in  the  developmental  testing  of  new  designs  such  as  the  F-15  and  F-16,  res¬ 
earchers  turned  to  a  variety  of  other  "tools."  Variable-stability  aircraft  gave  test 
teams  greater  flexibility  in  predicting  aircraft  performance  before  the  critical  "first 
flight."  A  particularly  useful  variable-stability  aircraft  has  been  the  Calspan/Lockheeu 
T-23,  used  in  studies  ranging  from  the  X-15  to  the  F-15  Eagle. [58]  Variable-stabili ty 
trainers  such  as  Calspan's  modified  Douglas  A-26  and,  subsequently,  a  modified  Gates 
Lear jet,  have  enabled  student  test  pilots  to  fly  numerous  types  of  "different"  aircraft 
during  their  training.  Advances  in  testing  methods,  notably  automated  real-time  telem¬ 
etry  analysis,  permitted  preliminary  data  evaluation  while  a  test  flight  was  in  progress; 
researchers  thus  gained  more  information  per  flight,  cutting  test  time  and  costs  roughly 
in  half.  Grumman's  Automated  Telemetry  System  (ATS),  one  such  early  system,  proved 
especially  useful  during  the  F-14A  Tomcat  testing  program,  producing  time  savings  of 
67%.  [59]  The  RPV--the  Remotely  Piloted  Vehicle-demonstrated  its  usefulness  (but  also 
its  limitations)  as  a  cheap  low-risk  unmanned  method  of  testing  new  designs  and  aircraft 
systems.  For  example,  NASA  undertook  a  spin-test  program  using  a  scale  RPV  of  the 
McDonnell-Douglas  F-15  Eagle  that  lent  encouragement  and  confidence  to  Air  Force  and  con¬ 
tractor  plans  for  manned  F-15  prototype  spin  trials.  However,  the  more  sophisticated  and 
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challenging  Rockwell  HiMAT  (Highly  Maneuverable  Aircraft  Technology)  proved  much  less 
successful.  This  control  configured  canard  design  had  electronic  flight  and  propulsion 
controls  and  a  composite  structure.  It  attempted  to  do  far  too  much,  essentially 
an  effort  to  generate  a  ground-controlled  test  vehicle  having  virtually  all  the  capabil¬ 
ities  ot  a  ed  ^iiote''  rcseUid.  aircraft  Its  cH  saprcintim  results  serve  as  a 

reminder  that  design  must  always  be  appropriate,  bound  up  with  the  establishment  and 
recognition  of  clear,  realistic,  and  attainable  research  goals.  Despite  the  disappoint¬ 
ment  of  the  HiMat  experience,  however,  it  is  clear  that  the  RPV  (or,  more  specifically, 
the  Remotely  Piloted  Research  Vehicle — RPRV)  is  a  flight  testing  tool  that  is  here  to 
stay,  much  as  the  military  RPV,  despite  its  critics,  has  managed  to  secure  for  itself  a 
notable  place  in  the  skies  over  contemporary  battlefields . 1 60 ] 

By  the  time  of  the  initiation  of  the  first  manned  spacecraft  ventures,  flight 
testing  had  so  ingrained  itself  into  the  aeronautical  research  and  development  conscious¬ 
ness  that  NASA,  virtually  without  thinking,  automatically  selected  its  astronauts  from, 
the  ranks  of  test  pilots  (endowing  them  with  as  much  command  and  control  capability  over 
their  vehicles  as  was  practicable,  and  selecting  key  programmatic  personnel  for  the  Mer¬ 
cury,  Gemini,  and  Apollo  efforts  from  the  ranks  of  proven  flight  test  managers.  Such  an 
approach  certainly  paid  off,  as,  for  example,  in  the  Apollo  13  mission,  where  the  astro¬ 
naut  crew  (reflecting  their  flight  testing  backgrounds)  made  critical  life-or-death 
decisions  without  having  to  rely  for  their  survival  completely  on  mission  control  back 
on  earth. [61]  Test  pilot/astronaut  crews  demonstrated  their  ability  to  deal  with 

unusual  circumstances  and  trying  conditions  on  many  of  the  space  flights,  notably  on 
Gemini  8  (David  Scott  and  Neil  Armstrong)  [62]  ,  and  on  the  descent  of  the  Lunar  Module 
to  Tranquillity  Base  on  Apollo  11  (Armstrong  and  Edwin  Aldrin)  [63]  .  Dating  to  the  work 
of  Sanger-Bredt ,  there  had  always  been  a  strong  interest  in  flying  a  winged  vehicle  into 
space  and  then  returning  it  through  the  atmosphere.  The  X-15  program,  of  course,  made 
significant  contributions  to  this  hypersonic  technology,  but  other  significant  work  was 
undertaken  as  well,  notably  the  attempt  at  developing  the  Boeing  X-20  Dyna-Soar  (for 
Dynamic  Soaring)  boost-glider,  and  a  variety  of  tailored  lifting  body  shapes.  Dyna-Soar 
fell  victim  to  the  Kennedy  Administration’s  disenchantment  with  winged  spacecraft  and  a 
prediliction  for  a  ballistic  approach  to  spaceflight;  at  the  time  of  its  cancellation  in 
December  1963  it  was  approximately  2^  years  and  $37 3  million  away  from  its  first  flight. 
Despite  termination,  it  was  a  generally  useful  technological  exercise .[ 64 ]  The  technolog¬ 
ical  void  left  by  the  cancellation  of  Dyna-Soar  was  filled,  to  a  limited  extent,  by  tests 
of  pilotless  reentry  shapes,  notably  a  winged  "hot  structure"  ASSET  (for  Aerothermodynamic 
elastic  Structural  Systems  Environmental  Tests)  vehicle,  and  an  ablatively  cooled  blunt- 
lifting  body  spacecraft,  the  PRIME  (for  Precision  Recovery  Including  Maneuvering  Entry) . 
The  slender  delta  ASSET  program  consisted  of  6  flights  (one  of  which  was  marred  by  booster 
failure)  down  the  Eastern  Test  Range,  using  Thor  and  Thor-Deltu  boosters.  ASSET  offered 
the  fir  practical  experience  the  aerospace  community  had  with  an  actual  lifting  reentry 
vehicle  returning  from  space  at  near-orbital  velocities . [65 ]  PRIME  involved  firings  over 
the  Western  Test  Range  using  Atlas  boosters.  The  Martin  SV-5D  PRIME  vehicle  was  the  first 
to  demonstrate  hypersonic  maneuvering  and  significant  cross-range  excursions  during  an 
actual  entry  from  space,  and  also  inspired  development  of  the  piloted  SV-5P  (X-24A)  low- 
speed  lifting  body  demonstrator. [66]  Both  ASSET  and  PRIME  were  extraordinarily  product¬ 
ive  programs  conducted  "on  the  cheap"  and  in  a  national  research  environment  that  emph¬ 
asized  non-lifting  or  minimal  lifting  reentry  vehicle  development  as  opposed  to  the 
genuine  lifting  capability  that  they  demonstrated. 

This  interest  in  piloted  lifting  reentry  eventually  spawned  the  national  Space 
Shuttle  program.  The  roots  of  the  Space  Shuttle  include  winged  boost-glider  concepts, 
concepts  involving  aerodynamically  tailored  lifting  body  shapes,  and  concepts  for  complex 
fully  reusable  combinations  of  these.  While  ground  tests  using  hypersonic  tunnels, 
shock  tubes,  ballistic  ranges,  and  the  like  generally  confirmed  the  acceptability  of 
such  designs  for  hypersonic  flight,  considerable  doubt  existed — particularly  concerning 
lifting  body  shapes--whether  such  craft  could  transit  from  supersonic  flight  to  a  sub¬ 
sonic  approach  and  landing.  Accordingly,  in  the  1960's  and  1970’s,  a  family  of  "low- 
speed"  (in  the  sense  that  they  were  limited  to  speeds  below  Mach  2)  lifting  bodies  under¬ 
went  flight  test  at  Edwards  in  a  joint  NASA-Air  Force  research  program.  These  cons¬ 
isted  of  the  plywood  NASA  M2-F1,  the  "heavyweight"  rocket-propelled  NASA-Northrop  M2-F2/3 
and  HL-10,  and  the  Air  Force-Martin  X-24A/B.  Each  represented  a  variation  upon  the  blunt 
lifting  body  theme.  For  example,  the  M2  series  were  modified  half-cones,  while  the  HL-10 
and  X-24A  were  modified  fattened  deltas.  The  X-24B,  on  the  other  hand,  represented  a 
completely  different  "flatiron”  shape  derived  by  the  Air  Force  Flight  Dynamics  Laboratory 
and  then  "gloved"  over  the  X-24A.  These  craft  demonstrated  that  hypersonic  lifting  bodies 
could  be  developed  that  would  have  satisfactory  supersonic  and  subsonic  flying  charact¬ 
eristics  and  handlinq  qualities.  In  1975,  for  example,  the  X-24B  completed  a  series  of 
flights  involving  rocket  boost  into  the  upper  atmosphere,  followed  by  a  low  L/D  approach 
to  a  precision  landing  on  the  Edwards  15,000  ft.  concrete  runway,  an  important  demon¬ 
stration  that  a  Shuttle  craft  could  indeed  complete  a  powerless  descent  to  a  precision 
recovery  on  a  conventional  runway. [67] 

The  subsequent  development  of  the  Space  Shuttle  did  not,  proceed  smoothly.  Pro¬ 
blems  with  its  thermal  protection  system  "tiles”  and  the  Shuttle's  liquid-fueled  main 
engines  delayed  its  first  flight  into  orbit  until  April  1981,  more  than  four  years  after 
the  first  Shuttle,  the  Enterprise ,  completed  its  approach  and  landing  tests  (ALT)  at 
Edwards.  The  ALT  program  had  proceeded  rapidly,  with  the  Shuttle  being  launched  from 
a  modified  Boeing  747  carrier  aircraft.  (The  Soviet  Union  has  recently  undertaken  a 
smiliar  series  of  flights  of  their  own  Shuttle  design,  from  the  back  of  a  modified 
Myasischev  Mya-4  Bison  bomber) .  The  Enterprise  was  flown  "captive  inactive”  (without 
an  aeronaut  crew)  and  "captive  active"  (with  an  astronaut  ciew)  while  mated  to  the  747  , 
and  then  launched  "tailcone  on"  (to  give  a  higher  L/D  and  longer  descent  time)  and, 
finally,  "tailcone  off"  (simulating  the  low  L/D  of  a  "mission  configuration"  Shuttle  from 
orbit).  The  last  tailcone-off  flight  included  a  landing  on  the  Edwards  15,000  ft.  tutiway, 
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and  during  this  flight  the  Shuttle  manifested  a  potentially  serious  pilot-induced  oscill¬ 
ation  (PIO)  aggravated  by  the  inherent  characteristics  of  its  fly-by-wire  flight  control 
system.  As  a  result,  NASA  undertook  a  brief  but  highly  significant  research  program, 
r.wl-lir.g  the  Shntt-l 1  *  control  characteristics  on  a  modified  Vought  F-8  Crusader  (the  NASA 
Digital  Fly-by-Wire — DFBW — testbed) .  (66J  Seiecw  a  changes,  were  incorporated  as  a  result 
of  this  testing  into  the  control  system  of  the  Shuttle.  Shuttle's  actual  orbital  flight 
tests  confirmed  the  basic  value  of  a  Shuttle  system,  and  the  generally  good  design  of  the 
orbital  transportation  system  itself.  Shuttle's  formal  test  program  consisted  of  missions 
one  (launched  April  12,  1981)  through  four  (launched  June  27,  1982),  but  many  areas  of  in¬ 
terest  and  concern  remained  after  this  time.  For  example,  despite  the  large  effort 
expended  in  wind  tunnel  testing' — indeed.  Shuttle  was  the  most  exhaustively  tested  aero¬ 
space  vehicle  developed  to  -hat  time — discrepencies  between  actual  and  predicted  results 
pointed  yet  again  to  the  deficiencies  of  purely  ground-basrd  test  facilities  and  predictive 
techniques.  Brake  failures  and  landing  problems  plagued  flights,  calling  into  question 
the  wisdom  of  "routine"  landings  on  the  concrete  runway  at  the  Kennedy  Space  Center,  where 
such  a  problem  could  be  catastrophic .  These  and  other  considerations  demonstrated  that 
the  Shuttle,  far  from  being  an  "operational"  system  in  the  sense  of  an  airliner  or  military 
aircraft  (something  its  more  ardent  supporters  had  envisioned)  was,  as  astronaut  Vance 
Brand  subsequently  remarked,  a  system  that  "always  will  require  special  ..urw  and  feeding." 
(69]  NASA  accumulated  a  vast  wealth  of  experience  and  "lessons  learned"  on  early  Shuttle 
operations,  assembling  a  major  summary  document  of  the  program  for  use  in  develoning  other 
aerospace  systems. (70)  Then  came  the  tragedy  of  the  Challenger . 

Challenger ' s  loss  will  forever  haunt  the  American  space  program,  but  it  needs  to 
be  placed  in  the  proper  historical  perspective.  The  loss  of  the  Titanic  did  not  signal 
the  end  of  transatlantic  oceanic  voyages,  and  the  loss  of  the  early  De  Havilland  D.H.  106 
Comet  jetliners  did  not  result  in  the  abandonment  of  the  turbojet  airliner.  Technology, 
once  invented  and  developed,  cannot  be  "disinvented"  however  much  critics  might  wish  to 
do  so.  What  Challenger*  s  loss  did  illustrate,  unfortunately,  was  the  price  paid  for  tech¬ 
nological  complacency  and  poor  management. [71]  Since  the  days  of  Lilienthal,  in  the  late 
pre-history  of  flight,  researchers — flight  researchers  in  particular — have  recognized  that 
advances  in  capability  are  only  rarely  without  cost.  Writing  after  Challenger,  former 
Gemini  and  Apollo  astronaut  Michael  Collins  stated  that  .  -if  someone  had  suggested  to 
me  xn  1963,  when  I  first  became  as  astronaut,  that  for  the  next  23  years  none  of  us  would 
get  killed  riding  a  rocket,  I  would  have  said  that  person  was  a  hopeless  optimist,  and 
naive  beyond  words." [72]  It  is  this  blend  of  pragmatism  and  managerial  discipline  that 
must  be  kept  in  mind  as  the  aerospace  community — worldwide — advances  the  frontiers  of 
flight.  Already  new  aerospace  systems  are  contemplated — such  as  Europe's  Hermes ,  Sanger  II, 
and  America's  proposed  x-30  National  Aero-Space  Plane  (NASP)  that  will  demand  excellence 
of  design  and  testing  at  a  level  not  often  reached  in  the  past. [*731  The  record  of  past 
accomplishment — with  systems  such  as  the  first  turbojets,  the  first  supersonic  aircraft, 
the  X-15,  Concorde,  the  x-29  and,  yes,  the  Shuttle--is  a  comforting  one  as  these  futuristic 
projects  edge  onwards. 

It  is  obvious,  then,  that  despite  the  tremendous  advances  that  have  been  made  in 
computational  techniques,  ground  test  facilities,  and  predictive  methods,  the  need  for 
exhaustive  flight  testing,  together  with  the  demand  for  professionally  trained  and  highly 
motivated  flight  researchers,  will  always  exist.  In  1967,  NASA  Administrator  James  E. 

Webb  testified  before  Congress  that:  [74] 

"Flight  testing  of  new  concepts,  designs,  and  systems  is  fundamental  to 
aeronautics.  Laboratory  data  alone,  and  theories  based  on  these  data, 
cannot  give  all  the  important  answers.  .  .  .  Each  time  a  new  aircraft 
flies,  a  ’moment  of  truth'  arrives  for  the  designer  as  he  discovers 
whether  a  group  of  individually  satisfactory  elements  add  together  to 
make  a  satisfactory  whole  or  whether  their  unexpected  interactions 
result  in  a  major  deficiency.  Flight  research  plays  the  essential  role 
in  assuring  that  all  the  elements  of  an  aircraft  can  be  integrated  into 
a  satisfactory  system." 

Those  words  are  as  true  for  the  future  of  aerospace  as  they  have  been  for  its  past. 


24-11 


REFERENCES 

1.  Lynn  White,  "Eilmer  of  Malmesbury:  An  Eleventh  Century  Aviator,”  Technology  and 
Culture ,  (Spring  1961) ,  passim. 

2.  C^*'s*-ance  Bab'r.g4-  -Smith,  Testing  Time:  The  story  of  British  Test  Pilots  and  Their 
Aircraft ,  New  York:  Harper  &  Brothers,  1961,  p.  43. 

3-  Otto  Lilienthal,  "Practical  Experiments,”  and  "At  Rhinow,"  in  James  Means,  ed.. 

Epitome  of  the  Aeronautical  Annual,  Boston:  W.  B.  Clarke  Co.,  1910,  pp.  8,  32-33. 

4.  Wilbur  Wright,  address  to  the  Western  Society  of  Engineers,  September  1901,  in 
Charles  H.  Gibbs-Smith,  Aviation:  An  Historical  Survey  From  Its  Origins  to  the  End 
of  World  War  II,  London:  Her  Majesty's  Stationary  Office,  1970,  pp.  222-223. 

5.  Orville  Wright,  "How  We  Made  the  First  Flight,”  Flying  and  The  Aero  Club  of  America 
Bulletin, (Oec.  1913) ,  passim. 

6.  Mary  Busk,  E.  T.  Busk:  A  Pioneer  of  Flight,  With  a  Short  Memoir  of  H .  A.  Busk,  Flight 
Commander,  RNAS ,  London:  John  Murray,  19257  passim. 

7.  Ronald  W.  Clark,  Tizard,  Cambridge,  MA:  MIT  Press,  1965,  passim. 

8.  Jerome  C.  Hunsaker,  "Forty  Years  of  Aeronautical  Research,"  Smithsonian  Report  for 
1955,  Washington,  D.C.:  Smithsonian  Institution,  1956,  pp.  246-250. 

9.  Lois  E.  Walker  and  Shelby  E.  Wickam,  From  Huffman  Prairie  to  the  Moon:  The  History 

of  Wright-Patterson  Air  Force  Base,  Washington,  D.C.:  GPO,  1986,  pp.  140-141,  190-191. 

10.  Edward  P.  Warner  and  F.  H.  Norton,  Preliminary  Report  on  Free  Flight  Tests,  NACA 
Report  No.  70,  1919,  p.  575. 

11.  George  B.  Patterson,  Notes  on  Practial  Airplane  Performance  Testing,  Dayton,  OH: 

Air  Service  Engineering  Division,  June  1919,  pp.  29,  35-36. 

12.  W.  F.  Gerhardt  and  L.  w.  Kerber,  A  Manual  of  Flight-Test  Procedure,  Ann  Arbor,  MI: 
University  of  Michigan  Department  of  Engineering  Research,  1927. 

13.  James  H.  Doolittle,  Accelerations  in  Flight,  NACA  Report  No.  203,  1925,  pp.  371- 

388.  '  " 

14.  Lowell  Thomas  and  Edward  Jablonski,  Doolittle:  A  Biography,  Garden  City,  N.Y  * 
Doubleday  &  Company,  1976,  passim. 

15.  Ronald  Miller  and  David  Sawers,  The  Technical  Development  of  Modern  Aviation,  New 

York:  Praeger,  1970,  passim . 

16.  James  R.  Hanson,  Engineer  in  Charge:  A  History  of  the  Langley  Aeronautical  Labora¬ 
tory,  1917-1958,  Washington,  D.C.:  GPO,  1986,  pp.  123-139. 

17.  C.  H.  Dearborn  and  H.  W.  Kirschbaum,  Maneuverability  Investigation  of  the  F6C-3 
Airplane  with  Special  Flight  Instruments,  NACA  Report  No.  369,  1930. 

18.  Richard  P.  Hallion,  Legacy  of  Flight:  The  Guggenheim  Contribution  to  American 
Aviation ,  Seattle,  WA:  University  of  Washington  Press,  1977,  passim . 

19.  Daniel  Guggenheim  Fund  for  the  Promotion  of  Aeronautics,  Solving  the  Problem  of 

Fog  Flying;  A  Record  of  the  Fund's  Full-Flight  Laboratory  to  Date,  New  York:  Daniel 
Guggenheim  Fund,  1929,  passim. 

20.  Daniel  Guggenheim  Fund  for  the  Promotion  of  Aeronautics,  The  Daniel  Guggenheim  Inter¬ 
national  Safe  Aircraft  Competition:  Final  Report,  New  York:  Daniel  Guggenheim  Fund, 
1930,  passim. 

21.  Stanley  R.  Mohler,  and  Bobby  H.  Johnson,  Wiley  Post,  His  Winnie  Mae,  and  the^ World's 

First  Pressure  Suit,  a  volume  in  the  Smithsonian  Annals  of  Flight  series,  Washington, 
D.C.:  Smithsonian  Institution  Press,  1971,  passim . 

22.  Albert  W.  Stevens,  "Man’s  Farthest  Aloft,"  The  National  Geographic  Magazine,  (January 
19  36)  ,  passim . 

23.  XC-35  Aircraft  Data  File,  Library  of  the  National  Ai~  and  Space  Museum,  Smithsonian 
Institution,  Washington,  D.C. 

24.  N.  D.  Showalter,  "High  Altitude  Flight  Test  Procedures,"  Boeing  High-Altitude  Flight 
Symposium,  August  25-27,  1947,  Seattle,  Washington,  pp.  1-11. 

25.  H.  F.  Gregory,  Anything  a  Horse  Can  Do:  The  Story  of  the  Helicopter,  New  York: 

Reynal  &  Hitchcock,  1944,  passim. 

26.  Frederic  B.  Gustafson,  "History  of  NACA/NASA  Rotating-Wing  Aircraft  Research,  1915- 
1970,"  a  limited-edition  reprint  (VF-70)  from  VertiFlite  Magazine,  1971,  pp.  4-26. 


24-12 


27.  Edmund  T.  Allen,  "Here  Goes  Nothing:  Flight  Testing  From  Daredeviltry  to  Scien-  i 

tific  Research,"  Aviation,  (December  1937),  passim.  i 

28.  Jimmy  Collins,  Test  Pilot,  Garden  City,  N.Y.:  Doubleday,  Doran  &  Co.,  1935,  p.  174.  4 

29.  George  E.  cooper,  "Understanding  and  Interpreting  Pilot  Opinion,"  Aeronautical 
Engineering  Review,  (March  1957) ,  passim . 

30.  Ernst  Heinkel,  Stormy  Life:  Memoirs  of  a  Pioneer  of  the  Air  Age,  New  York:  E.  P. 

Dutton  &  Co.,  1956,  p.  224. 

31.  Frank  Whittle,  Jet:  The  Story  of  a  Pioneer,  New  York:  Philosophical  Library,  ^ 

1954,  passim. 

k 

32.  Ronald  D.  Neal,  "The  Bell  XP-59A  Airacomet:  The  United  States'  First  Jet  Aircraft," 

Journal  of  the  American  Aviation  Historical  Society,  Fall  1966,  passim. 

33.  Bastian  Hello,  Final  Report  of  Development,  Procurement,  Performance  and  Accept¬ 
ance — XP-80  Airplane,  Dayton,  OH:  Army  Air  Forces  Air  Technical  Service  Command,  28 
June ,  1945. 

34.  Grover  Heiman,  Jet  Pioneers,  New  York:  Duell,  Sloan  and  Pearce,  1963,  pp.  85-100. 

35.  Frederick  Trapnell,  "A  Test  Pilot  Looks  at  the  Jets,"  Aeronautical  Engineering  Review, 

(May  1950) ,  passim.  ' 

36.  Benson  Hamlin,  Flight  Testing  Conventional  and  Jet-Propelled  Airplanes,  New  York: 

The  Macmillan  Company ,  1946,  passim.  i 

37.  G.  S.  Welch,  "Effects  of  Compressibility  Dives  on  Fighter  Aircraft,"  Project  No.  i 

(M-l) 82 ,  (a  report  of  The  Army  Air  Forces  Board),  Orlando,  FL:  The  Army  Air  Forces 

Board,  19  June  1944,  pp.  5-9. 

38.  R.  Smelt,  "Notes  on  Discussion  With  the  Staff  of  Focke-Wulf  Ltd. [sic],"  Technical 
Note  No.  Aero  1644,  Farnborough,  Eng.:  Royal  Aircraft  Establishment,  May  1945, 
pp.  6-7. 

39.  Charles  Burnet,  Three  Centuries  to  Concorde  (London:  Mechanical  Engineering  Pub¬ 
lications  Ltd.,  1979),  p.  38. 

40.  Richard  Hallion,  Supersonic  Flight:  The  Story  of  the  Bell  X-l  and  Douglas  D-558, 

New  York:  The  Macmillan  Company  in  Association  with  The  Smithsonian  Institution,  . 

1972,  pp.  1-3.  * 

41.  Charles  E.  Yeager,  "The  Operation  of  the  XS-1  Airplane,"  in  USAF,  Air  Force  Super¬ 
sonic  Research  Airplane  XS-1  Report  No.  1,  9  January  1948,  p.  19. 

42.  Ardath  M.  Morrow,  Case  History  of  the  YB-35,YB-49  Airplane  (Supplement  to  Case 
History  of  the  XB-35  Airplane),  Wright-Patterson  AFB ,  OH:  Historical  Office,  Exec- 
utive  Secretariat,  Air  Materiel  Command,  February  1950,  passim. 

43.  Society  of  Experimental  Test  Pilots,  The  Society  of  Experimental  Test  Pilots:  History 
of  the  First  Twenty-Five  Years,  Covina,  CA:  Taylor,  1978,  passim. 

44.  Larry  G.  Van  Pelt,  The  Evolution  of  Flight  Test  Concepts,  Edwards  AFB,  CA:  History 

Office,  June  1982,  pp.  6-36.  ■ 

45.  Iven  c.  Kincheloe,  "Flight  Research  at  High  Altitude,  Part  II,"  Proceedings  of  the  ^ 

Seventh  AGARD  General  Assembly,  the  Washington  AGARD  conference,  18-26  November  1957. 

46.  Richard  P.  Hallion,  "In  the  Beginning  Was  the  Dream.  .  . " ,  in  Richard  P.  Hallion,  ed . , 

The  Hypersonic  Revolution:  Eight  Case  Studies  in  the  History  of  Hypersonic  Tech¬ 
nology,  vT  Ti  From  Max  Valier  to  Project  Prime,  1924-1967,  Wright-Patterson  AFB,  OH: 

Special  Staff  Office,  Aeronautical  Systems  Division,  1987,  p.  xviii. 

47.  Eugen  Sanger  and  Irene  Bredt,  Uber  einen  Raketenantrieb  fur  Fernbomber,  Deutsche 

Luf tfahrtforschung  UM  3538,  Ainring:  DFS ,  August  1944  (translated  by  the  Naval  , 

Technical  Information  Branch,  Bureau  of  Aeronautics,  U.S.  Navy,  as  Translation  CGD-32, 

A  Rocket  Drive  for  Long-Range  Bombers,  1952) ,  passim. 

48.  Wendell  H.  Stillwell,  X-15  Research  Results,  Washington,  D.*C.:  GPO,  1965,  pp.  26-78.  ( 

49.  Walter  C.  Williams,  "The  Role  of  the  Pilot  in  the  Mercury  and  X-15  Flights,"  Proce-  < 

edings  of  the  Fourteenth  AGARD  General  Assembly,  Lisbon,  Portugal,  16-17  September 

1965. 

50.  John  V.  Becker,  "The  X-15  Program  in  Retrospect,"  Raumf ahrtf orschung ,  March-April 
1969,  passim. 

51.  Clarence  L.  Johnson,  "Some  Development  Aspects  of  the  YF-12A  Interceptor  Aircraft,”  I 

Journal  of  Aircraft  (AIAA) ,  July-Aug.  1970,  passim.  J 


X 


24- 1 3 


52.  Richmond  L.  Miller,  "Flight  Testing  the  F-12  Series  Aircraft,"  Journal  of  Aircraft 
(AXAA) ,  September  1975,  passim. 

53.  i<ichard  P.  Hallion,  On  the  Frontier:  Flight  Research  at  Dryden,  1946-1981,  NASA 
SP-43Q3  {a  volume  in  the  NASA  History  Series),  Washington,  D.C.:  GPO,  1984,  pp. 
189-199. 

54.  Thomas  G.  Foxworth,  "North  American  XB-70A  Valkyrie,"  Historical  Aviation  AlbumfsJ, 
nos.  7  &  8,  1969-1970,  pp.  76-87,  164-175. 

55.  Kenneth  Owen,  Concorde :  New  Shape  in  the  Sky ,  London:  Jane's  Publishing  Co., 

1982,  passim. 

56.  Jay  Miller,  The  X-Planes:  X-l  to  X-29,  Marine-on  St.  Croix:  Specialty  Press, 

1983,  passim. 

57.  Philip  F.  Oestricher  and  Robert  C.  Ettinger,  "F-16  High  Angle  of  Attack  Testing," 
XXIInd  Symposium,  The  Society  of  Experimental  Test  Pilots,  Beverly  Hills,  CA,  28 
September  1978. 

58.  G.  Warren  Hall,  "Research  and  Development  History  of  USAF  Stability  T-33,"  Journal 
of  the  American  Aviation  Historical  Society,  Winter  1974,  passim. 

59.  Conversation  with  Charles  A.  Sewell,  Grumman  Corporation,  1985. 

60.  R.  Dale  Reed,  "RPRVs:  The  First  and  Future  Flights,"  Astronautics  &  Aeronautics 
(AIAA),  April  1974,  pp.  26-42. 

61.  Henry  S.  F.  Cooper,  13:  The  Flight  That  Failed,  New  York:  The  Dial  Press,  1973, 
passim. 

62.  Barton  C.  Hacker  and  James  M.  Grimwood,  On  the  Shoulders  of  Titans:  A  History  of 
Project  Gemini  (a  volume  in  the  NASA  History  Series) ,  Washington,  D.C.:  GPO,  1977. 

63.  cnutney  G.  Brooks,  James  M.  Grimwood,  and  Loyd  3.  Swenson,  Chariots  for  Apollo;  A 
History  of  Manned  Lunar  Spacecraft  (a  volume  in  the  NASA  History  Series) ,  Washington, 
D.C.:  GPO,  1979. 

64.  Clarence  J.  Geiger,  "Strangled  Infant:  The  Boeing  X-20A  Dyna-Soar,"  in  Hallion, 
ed.,  Hypersonic  Revolution,  I,  pp.  185-377. 

65.  Richard  P.  Hallion,  "ASSET:  Pioneer  of  Lifting  Reentry,"  in  Hallion,  ed.,  Hyper¬ 
sonic  Revolution,  I,  pp.  449-527. 

66.  John  L.  Vitelli,  and  Richard  P.  Hallion,  "Project  PRIME:  Hypersonic  Reentry  From 
Space,"  in  Hallion,  ed..  Hypersonic  Revolution,  I,  pp. 529-745. 

67.  Johnny  G.  Armstrong,  Flight  Planning  and  Conduct  of  the  X-24B  Research  Aircraft 
Flight  Test  Program,  AFFTC-TR-76-11 ,  Edwards  AFB ,  CA:  Air  Force  Flight  Test  Center, 
1977,  passim. 

68.  M.  J.  Sugano  and  T.  R.  Brice,  "The  Approach  and  Landing  Test  Program  of  the  Space 
Shuttle  Orbiter  101,"  AIAA  Aircraft  Systems  Conference,  Los  Angeles,  CA  21-23  Aug. 1978 

69.  Vance  D.  Brand,  "Space  Shuttle  Redesign  Status,"  in  The  Society  of  Experimental 
Test  Pilots,  1986  Report  to  the  Aerospace  Profession,  Beverly  Hills,  CA:  SETP, 

24-27  Sept.  1986,  pp.  224-235. 

70.  Advanced  Programs  Office,  NASA  Lyndon  B.  Johnson  Space  Center,  Space  Shuttle 
Directions ,  JSC-20939,  Houston,  TX:  NASA  JSC,  June  1986,  passim. 

71.  Presidential  Commission  on  the  Space  Shuttle  Challenger  Accident,  Report  to  the 
President ,  Washington,  D.C.:  GPO,  6  June  1986,  pp .  72,  104,  117-118,  120-148,  161, 
176,  198-201,  236. 

72.  Michael  Collins,  Liftoff:  The  Story  of  America’s  Adventure  in  Space,  New  York: 

Grove  Press,  1988,  p.  224. 

73.  Stuart  O.  Schmitt,  T.  J.  Wierzbanowski ,  and  Johnny  Johnson,  "The  Challenge  of  X-30 
Flight  Test,"  XXXI  Symposium,  The  Society  of  Experimental  Test  Pilots,  Beverly  Hills, 
CA,  26  Sept.  1987. 

74.  Statement  of  James  E.  Webb,  in  U.S.  Congress,  Committee  on  Aeronautical  and  Space 
Sciences,  Senate,  Aeronautical  Research  and  Development  Policy,  Washington,  D.C.: 

GPO,  1967,  p.  7. 


AIR  COMBAT  ENVIRONMENT  TEST  AND  EVALUATION  FACILITY 
(ACETEF) 


R.  R.  Smullen  and  S.  D.  Harris,  LCDR,  USN 
Naval  Air  Test  Center 
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SUMMARY 

Recent  combat  experience  has  brought  to  light  a  critical  need  to  assess  the  mission 

effectiveness  of  Naval  aviation  weapons  systems  and  vehicles  against  a  myriad  of  new  i 

threats.  Flight  testing  is  the  primary  source  of  data  on  the  effectiveness  of  our 

aircraft  and  weapons,  but  flight  testing  is  costly,  and  limited  to  only  a  few  of  the 

mo3t  crucial  questions.  Flight  testing  is  also  inherently  a  public  event;  it  can  be 

observed  with  impunity.  Hence,  flight  testing  is  patently  unsatisfactory  for  dealing 

with  some  issues  related  to  national  security  interests.  Senior  decision-makers  in  the 

Department  of  Defense  (DOD)  require  objective,  quantitative  assessments  of  the 

effectiveness  of  our  weapons  and  people  against  literally  thousands  of  possible 

combinations  of  threat  and  contingency  planning  conditions.  We  need  a  revolut ionary 

approach  to  obtaining  requisite  data.  The  Naval  Air  Test  Center  ( NAVAIRTESTCEN) 

has  begun  to  develop  an  innovative  system,  known  as  the  Air  Combat  Environment  Test  and 

Evaluation  Facility  (ACETEF),  to  meet  this  need. 

OVERVIEW 

ACETEF  will  permit  ground  testing  of  fully  integrated  avionics  systems  in  an 
environment  that  closely  parallels  actual  combat.  The  data  generated  by  ACETEF  will 
augment  that  available  from  conventional  flight  testing  in  three  ways.  First,  ACETEF 
will  reproduce  almost  exactly  the  conditions  encountered  during  a  test  flight,  allowing 
systems  engineers  to  study  a  problem  under  controlled  conditions.  Second,  and  perhaps 
more  important,  ACETEF  will  subject  the  weapons  and  crew  to  conditions  that  cannot  be 
reproduced  in  actual  flight,  short  of  real  combat.  Finally,  ACETEF  testing  will  be 
covert;  it  cannot  be  witnessed  by  uninvited  observers.  The  lata  that  results  from 
ACETEF  will  be  unique,  and  invaluable  to  decision-makers  at  all  levels  of  both  the 
systems  acquisition  and  operational  command  hierarchies. 

Development  of  ACETEF  entails  no  known  technological  risks;  the  elements  already  exist 
in  various  stages  of  maturity.  ACETEF  adds  value  to  existing  NAVAIRTESTCEN  assets  by 
integrating  them  into  a  complete  system.  This  article  describes  some  of  the  current 
capabilities,  and  the  problems  that  have  led  NAVAIRTESTCEN  to  conceive  and  begin 
development  of  the  ACETEF  approach  to  testing. 


REQUIREMENTS 

The  development  of  the  ACETEF  concept  by  NAVAIRTESTCEN  was  motivated  by  a  number  of 
interrelated  factors.  First  and  foremost  is  the  unprecedented  escalation  in  the 
complexity  and  effectiveness  of  a  multitude  of  threats  to  Naval  Aviation.  Recent 
combat  experience  has  been  both  encouraging  and  sobering.  We  haven't  miscalculated  the 
threat  yet,  but  we  can  envision  a  future  scenario  with  less  desirable  outcomes.  Recent 
intelligence  reports  depict  an  increasingly  sophisticated  combat  capability  in  areas 
previously  considered  relatively  unimportant.  New  missiles  with  advanced  guidance 
systems,  controlled  by  complex  and  robust  command  and  control  networks  present  a 
serious  challenge  to  our  ability  to  project  power.  Weapons  of  entirely  new  type  are 
being  tested  by  potential  adversaries,  and  will  be  fielded  in  the  next  few  years.  At 
present,  we  have  precious  few  national  assets  that  can  generate  objective  data  on  the 
effectiveness  of  our  systems  against  those  currently  and  probable  future  threats.  Our 
instrumented  test  ranges  cannot  come  close  to  providing  test  conditions  that 
approximate  the  threat  density  we  can  expect  in  real  combat.  Conventional  flight 
testing  is  inadequate  in  the  face  of  the  rapid  increase  in  system  complexity  necessary 
to  counter  the  threats  and  achieve  military  and  political  objectives.  We  simply  cannot 
fly  enoi.gh  to  evaluate  all  of  .he  threat  situations  that  analysts  can  "dream  up". 

A  second  factor  that  led  to  the  ACETEF  concept  is  the  rapidly  increasing  sophistication 
of  foreign  intelligence  measures.  Foreign  surveillance  systems  (e.g.  SIGINT,  PHOTINT 
or  ELINT)  can  easily  monitor  flight  tests,  gathering  data  on  the  performance 
capabilities  and  limitations  of  vehicles  and  weapons.  Both  visual  and  electronic  data 
can  be  obtained  readily  from  even  rudimentary  monitoring  systems  and  technology. 
Although  some  issues  can  only  be  resolved  with  confidence  during  flight  testing  (such 
as  basic  vehicle  performance  limitations),  there  i3  the  constant  risk  of  compromising 
classified  signals  if  electronics  emissions  are  not  held  to  a  minimum.  When  the 
signals  are  limited,  the  value  of  the  flight  test  is  limited.  The  ACETEF  system 
incorporates  a  secure  approach  that  minimizes  the  likelihood  that  a  foreign  technology 
can  penetrate  and  monitor  tests. 

The  third  factor  is  cost.  Current  developmental  testing  technology,  methodology,  and 
instrumentation  characterizes  baseline  system  performance  and  verifies  specification 
compliance.  Operational  test  and  evaluation  relies  on  expensive  flight  testing  to 
provide  estimates  of  mission  effectiveness.  ACETEF  will  fill  an  ever-wiaening  gap 


between  the  two.  ACETEF  will  allow  the  Navy,  for  the  first  time,  to  begin  to  evaluate 
objectively  the  performance  of  aircraft,  weapons,  and  crew,  in  covert  analyses  of  total 
system  combat  performance.  The  ACETEF  methodology  will  significantly  enhance  the 
quality  of  developmental  test  and  evaluation,  and  will  become  the  foundation  from  which 
operational  flight  testing  moves  toward  more  thorough  assessment  of  crucial  operational 
issues.  ACETEF  testing  will  be  integrated  with  conventional  flight  test  methodologies 
to  validate  the  results  of  the  simulations.  Flight  testing  will  become  more  cost- 
effective  and  will  be  focused  only  on  those  questions  that  require  flight  test  ,g. 
With  exponentially  increasing  costs  of  sensors  and  weapons  is  formidable.  To  achic.e  a 
reasonable  level  of  confidence  that  the  investment  in  those  systems  has  been  and  is 
wise,  we  need  hard  facts:  objective  data  that  show  how  effective  our  systems  are 
against  those  threats.  ACETEF  will  provide  those  data. 

Finally,  the  need  to  evaluate  the  interoperability  of  our  systems  has  been  demonstrated 
repeatedly  during  the  last  few  years  in  limited  combat  situations.  Just  counting  all 
the  numbers  of  ways  that  our  systems  must  interact  is  challenging.  Navy  aircrews  must 
talk  to  Army,  Marine,  aiid  even  NATO  parties  on  the  ground.  Third-party  targeting  is  a 
reality,  representing  an  incredible  advance  in  mission  effectiveness,  but  at  the  cost 
of  immense  burden  on  command,  control,  and  communications  systems.  Air  Force  aircraft 
must  be  integrated  into  Navy  airborne  strike  units  under  certain  combat  scenarios. 
Testing  all  combinations  of  systems  in  flight  test  is  simply  not  possible.  Waiting  to 
test  them  in  combat  is  unthinkable.  Testing  in  simulation  is  both  cost-effective,  and 
provides  the  requisite  data. 

ACETEF  CONCEPT 

A  typical  system  integration  test  of  today  entails  a  fully  flight-worthy  aircraft  with 
complete  weapons  systems  suspended  in  an  anechoic  chamber  that  provides  greater  than 
lOOdB  isolation  for  electromagnetic  (EM)  signals  from  the  outside  world.  The  aircraft 
is  illuminated  with  radar  and  other  signals  as  if  it  were  flying  through  a  real  combat 
mission.  In  a  high-fidelity  simulation  facility  next  doer,  a  flight  crew  straps  into  a 
cockpit  that  duplicates  the  aircraft  in  the  chamber.  The  crew  observe  displays  and 
control  systems  much  as  they  would  during  a  flight  test.  In  an  adjacent  shielded 
hangar,  other  aircraft  are  connected  to  external  power  and  their  systems  are  subjected 
to  stimulation  and  analysis.  Such  tests  are  conducted  as  a  matter  of  course  at  the 
NAVAIRTESTCEN.  However,  the  various  elements,  aircraft  in  the  chamber,  and  in  the 
hangar,  and  pilot  in  simulator  are  independent.  The  data  that  they  yield  are  not 
correlated;  few  data  on  interoperability  are  available.  Whether  the  systems  will  work 
together  effectively  is  still  uncertain.  Whether  they  will  work  at  all  in  some 
advanced  high-density  threat  environment  is  even  less  clear.  We  can  test  the  systems 
to  specification,  b  >t  we  still  do  not  know  if  they  will  do  the  job.  Many  questions 
remain  unanswered.  Can  a  given  jammer  be  integrated  into  a  new  platform  and  provide 
increased  survivability?  Can  a  new  air-to-air  self-defense  missile  be  added  to  a 
ground-attack  aircraft  and  provide  the  crew  with  increased  likelihood  of  mission 
success?  Or  will  the  new  capability  simply  increase  crew  workload  and  result  in 
decreased  mission  performance? 

The  ACETEF  approach  is  to  exploit  simulation  technology  to  provide  a  testing 
environment  that  reproduces  the  conditions  of  actual  combat.  In  ACETEF,  a  fully 
integrated  weapons  system,  incorporating  vehicle,  avionics,  weapons,  crew,  other 
aircraft  in  the  strike  group,  and  critical  elements  of  the  command/control  hierarchy 
will  be  immersed  in  a  stimulation/simulation  environment  that  literally  fools  both 
aircraft  and  crew  into  believing  that  they  are  in  actual  combat.  Aircraft  ;  '3tems  are 
fooled  through  a  -ombination  of  simulation  and  stimulation.  Simulation  is  accomplished 
by  digital  computers;  stimulation  is  accomplished  by  computer  controlled  environment 
generators  that  provide  radio  frequency,  electro-optical,  or  laser  stimuli  which 
duplicate,  as  closely  as  possible,  real  signals  (including  war-reserve  medes,  when 
appropr iate ) .  The  crew  is  fooled  by  providing  very  high  fidelity  sensory  cuting 
(visual,  aural,  and  motion)  while  simultaneously  providing  realistic  workload 
conditions  (threats,  mission  objectives  and  constraints,  communications  channels, 
etc.).  The  total  EM  environment  that  an  aircraft/aircrew  experiences  during  combat  is 
simulated,  encompassing  EM  interference  among  subsystems  on-board  the  aircraft,  threat- 
generated  signals,  communication  and  data  link  signals,  radar  returns,  jamming  and 
other  electronic  countermeasures,  counter-countermeasures,  visual  stimuli,  and  other 
signals  through  the  EM  spectrum.  The  connections  among  flight  crew,  aircraft,  and 
other  players  is  real-time  and  closed-loop.  When  the  pilot  presses  a  button  in  the 
simulator  cockpit,  the  appropriate  system  is  activated  in  the  aircraft  suspended  in  the 
anechoic  chamber.  When  a  jammer  is  activated  in  the  chamber,  the  pilot  sees  his 
simulator  radar  display  become  distorted.  This  type  of  integration  between  simulator 
and  aircraft  has  already  been  demonstrated  in  a  limited  test.  A  serious  problem  in  the 
stores  management  system  of  the  F/A-18  aircraft  was  diagnosed  and  resolved  using  this 
approach  in  1 9 8 0 .  ACETEF  simply  builds  on  that  experience. 

In  ACETEF,  the  combat  scenario  may  be  hypothetical,  devised  to  address  some  possible 
future  threat,  or  it  may  be  real,  constructed  quickly  to  address  some  critical  question 
that  may  arise  during  system  development,  contingency  planning,  or  training  exercise. 
As  a  result,  the  aircrew  and  aircraft  will  perform  in  a  manner  that  very  closely 
duplicated  operations  under  battle  conditions.  And  hard  facts  can  be  accumulated  on 
just  how  well  they  do  the  job. 

As  ACETEF  evolves,  it  will  provide  a  unique  testing  facility  for  new  applications  of 
computing  technology  in  air  warfare:  in  communications,  sensor  fusion,  a.id  tactical 


and  strategic  decision-aid  applications,  for  example.  The  central  role  of  the  computer 
in  managing  combat  has  only  recently  begun  to  emerge.  ACETEP  promises  to  be  a  unique 
facility  for  testing  new  concepts  for  system  integration.  Rapid  prototyping  of  new 
systems  will  be  supported  by  the  availability  of  the  data-rich  testing  environment.  Of 
special  interest  is  the  role  that  computing  technology  can  play  in  upgrading  the 
effectiveness  of  current  systems  by  retrofitting  enhanced  computers  and  new  systems 
architectures.  The  effectiveness  of  the  A-6  and  F-14,  and  hence  their  life-expectancy, 
are  being  improved  by  orders-of-magni tude  by  the  expedient  of  adding  new  computing 
capabilities.  For  example,  a  major  performance  gain  in  the  the  F-14D  radar  over  its 
predecessor  is  achieved  in  the  computing  capability  embedded  in  the  radar.  With  a  few 
orders-of-magni tude  increase  in  computat ional  power,  new  capabilities  can  be  realized. 

Sensor  fusion,  the  long-sought  algorithm  to  correlate  pre-mission  planning  data,  and 
late-breaking  intelligence  data,  with  on-board  sensors,  such  as  the  radar  warning 
receiver,  radar  or  IR  sensors,  etc.,  would  be  practical  with  conventional  programming 
techniques  if  the  computer  power  were  available  on-board  the  aircraft.  The  algorithm 
to  achieve  sensor  fusion  can  be  demonstrated  on  conventional  ground-ba3ed  computers.  A 
reliable  algorithm  has  been  demonstrated  to  identify  the  path  of  least  threat  to  or 
away  from  a  target  zone.  Other  programs  perform  automated  assignment  of  weapons  to 
threats  to  achieve  a  mathematically  optimal  kill-ratio.  These  programs  work  in  theory, 
but  will  they  work  in  combat?  These  enhancements  may  be  extremely  cost-effective, 
obviating  substantial  investments  in  new  weapons  systems  until  breakthroughs,  such  as 
stealth,  propulsion,  structures,  aerodynamics,  and  other  technologies  are  mature  enough 
to  warrant  development  of  new  aircraft. 

Consider  the  implications  of  increasing  the  on-board  computing  capabilities  of  tactical 
aircraft  by  hundreds  or  thousands  of  times.  Such  is  the  objective  of  DARPA's  Strategic 
Computing  Initiative,  the  Very  High  Speed  Integrated  Circuit  technology  program,  and 
other  substantial  DOD-sponsored  efforts.  How  can  that  power  be  exploited  to  increase 
survivability  and  mission  effectiveness?  How  can  we  evaluate  the  tradeoffs  among  the 
hundreds  of  alternative  possible  systems  configurations  that  are  emerging  as  practical? 

In  today's  intensely  competitive  systems  acquisition  process,  there  exists  no  real 
incentive  for  various  vendors  to  develop  common  solutions  and  foster  commonality  among 
aircraft.  That  same  vital  process  that  provides  many  diverse  competitive  solutions  to 
Defens*  problems,  fails  to  provide  cost-ef fecti ve  means  for  evaluating  the  tradeoffs 
among  the  solutions.  The  responsibility  for  discovering  potential  advantages  of 
specifying  commonality  falls  on  the  government  facilities.  The  ACETEF  will  provide 
substantial  impetus  for  development  of  common  solutions  to  common  problems  among 
various  aviation  communities. 

The  software  that  controls  ACETEF  simulations,  and  the  basic  systems  architecture  of 
our  facilities  can  be  exported  to  other  government  and  industry  simulation 
laboratories .  In  a  joint  effort  with  the  Naval  Training  Systems  Center,  involving 
their  Visual  Technology  Research  Simulator  and  advanced  multiprocessor  computer 
facilities,  we  are  developing  an  acquisition  strategy  that  exploits  our  initial 
investment  in  aerodynamics,  avionics,  and  threat  models  in  the  test  and  evaluation 
arena  by  transitioning  them  to  the  development  of  training  systems,  here-to-fore  an 
extremely  difficult  thing  to  accomplish.  If  we  succeed,  and  we  expect  to  demonstrate 
the  approach  in  FY88,  we  will  have  opened  the  door  to  substantial  (multi-million 
dollar)  savings  in  training  simulator  acquisition  and  life-cycle  costs.  ACETEF  will 
magnify  those  savings. 

Other  benefits  can  be  foreseen  in  recently  demonstrated  applications.  The  threat 
environment  generators  used  in  ACETEF  could  be  tapped  to  provide  realistic  scenarios  to 
support  battle  force  in-port  trafning  exercises.  New  tactics  would  undoubtedly  emerge 
as  a  clearer  understanding  of  the  effectiveness  of  our  systems  evolves.  Innovative 
ideas  could  be  tested  in  the  crucible  of  near-reality  before  committing  to  full-scale 
development.  We  expect  that  ACETEF  will  provide  an  especially  fruitful  test  site  for 
development  of  reusable  software  modules  in  the  programming  language  Ada.  We 
anticipate  that  ACETEF  will  confront  and  develop  new  ways  of  integrating  large  real¬ 
time  process  control  computers  in  tightly-coupled  networks.  All  of  these  advantages 
arise  through  our  systematic,  bui Id-a- 1 i ttle ,  test-a-1 i ttle,  evolutionary  approach  to 
implementation  of  the  ACETEF  concept. 

CONCLUSIONS 

The  ACETEF  is  an  evolu t ionary /modular  system  that  provides  a  systematic  building  block 
on  which  the  T&E  answers  of  today  and  tomorrow  can  be  founi.  We  utilize  some  of  the 
elements  of  the  ACETEF  routinely  today.  It  was  the  immense  sucess  of  our  experiments 
with  aircraf t/simulator  integration  that  led  us  to  conceive,  and  eventually  to  plan 
for,  the  Air  Combat  Environment  Test  and  Evaluation  Facility.  In  ACETEF,  the  encounter 
between  our  systems  (aircrew  and  aircraft)  and  their  projected  combat  environments, 
reproduced  as  closely  as  simulation  technology  and  our  understanding  of  the  threats 
will  allow,  will  provide  data  of  incalculable  value.  Data  that  cannot  be  obtained  any 
other  way. 
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SUMMARY 


This  report  gives  an  overview  of  the  flight  test  activities  and  capabilities  in  The  Netherlands. 

A  general  description  of  the  flight  test  programs  of  the  last  decades  with  civil  and  military  aircraft, 
helicopters  and  research  aircraft  will  be  given.  Some  of  the  highlights  of  the  more  recent  programs  will 
be  presented,  i.e.  the  type  certification  of  the  Fokker  50  and  Fokker  100  civil  transport  aircraft, 
evaluation  and  certification  trials  with  the  military  FL6  fighter  aircraft,  helicopter-ship  compatibility 
testing  and  the  determination  of  the  mathematical  model  of  the  Cessna  Citation  500  for  a  Phase  II  flight 
simulator.  Furthermore  a  short  description  will  be  given  of  the  flight  test  instrumentation  and 
flight  test  techniques  that  have  become  available  in  The  Netherlands  during  the  last  decade. 


1  INTRODUCTION 


Only  a  few  years  after  the  historical  flight  of  the  Wright  brothers  in  1903  several  aeronautical  organi¬ 
sations  were  founded  in  The  Netherlands  that  still  exist.  The  Royal  Netherlands  Air  Force  was  founded  in 
1913.  In  1919  Anthony  Fokker  of  The  Netherlands  founded  what  is  now  Fokker  Aircraft  Company.  Also  in  that 
same  year  both  KLM  Royal  Dutch  Airlines  and  what  Is  now  the  National  Aerospace  Laboratory  NLR  were 
founded.  At  a  somewhat  later  stage  the  faculty  of  Aerospace  Engineering  of  the  Delft  University  of 
Technology  joined  this  group  of  organisations  in  which  aircraft  operators,  the  national  aircraft  industry 
and  the  aerospace  research  institutes  were  represented.  These  organisations  have  always  cooperated  very 
closely  and  the  lines  of  communication  have  always  been  very  short.  Before  World  War  2  both  civil  and 
military  aircraft  were  being  developed  in  The  Netherlands.  After  the  war  Fokker  directed  its  main 
development  activities  towards  civil  aircraft  types  like  the  F27  Friendship  and  the  F28  Fellowship  and 
more  recently,  the  Fokker  50  and  Fokker  100.  In  the  military  segment  Fokker  produced  several  military 
fighter  aircraft  types  under  license  from  British  and  American  companies.  As  a  consequence  the  greater 
part  of  the  flight  test  activities  in  The  Netherlands  was  with  civil  aircraft.  Especially  the  flight 
testing  of  the  Fokker  50  and  Fokker  100  prototype  aircraft  formed  a  great  percentage  of  the  total  flight 
test  activities  in  the  last  few  years.  The  flight  tests  with  military  aircraft  were  limited  to  evaluation 
and  certification  of  subsystems  and  general  support  to  air  force  and  navy. 

Speaking  of  flight  testing  in  The  Netherlands  is  hardly  possible  without  mentioning  the  National  Aero¬ 
space  Laboratory  NLR.  As  a  result  of  its  central  position  NLR  plays  an  important  role  In  virtually  all 
flight  test  activities  in  The  Netherlands.  NLR  is  the  central  institute  in  The  Netherlands  for  aerospace 
research.  Its  principal  mission  is  to  render  scientific  support  and  technical  assistance  on  a  non-profit 
basis  to  Dutch  and  foreign  aerospace  industries  and  organisations,  civil  and  military  aircraft  operators 
and  government  agencies  concerned  with  aviation  and  space  flight. 

NLR  closely  cooperates  with  Fokker  in  aircraft  development  projects  under  contract  with  The  Netherlands 
Agency  for  Aerospace  Programs  (NIVR) ;  it  assists  aircraft  operators  (KLM  Royal  Dutch  Airlines,  Royal 
Netherlands  Air  Force,  Royal  Netherlands  Navy)  concerning  the  evaluation  of  aircraft  and  equipment,  and 
concerning  technical  problems  in  aircraft  operation.  Furthermore  NLR  assists  The  Netherlands  Department 
of  Civil  Aviation  (RLD)  in  its  supervisory  task  with  respect  to  air  traffic  control,  airworthiness, 
flight  safety,  accident  Investigation,  environmental  control,  etc. 

NLR  is  a  customer-oriented  research  organisation,  deriving  its  income  for  70  percent  from  research-, 
development-,  test-  and  evaluation-contracts  and  for  30  percent  from  subsidies  from  the  Dutch  government 
for  its  basic  research  programs.  NLR  is  headed  by  a  Board,  composed  of  representatives  from  the  Dutch 
government,  aerospace  industry  and  aircraft  operators.  NLR  employs  a  staff  of  about  780,  and  is  organised 
in  five  major  research  divisions:  ^luid  Dynamics,  Flight,  Structures  and  Materials,  Space  and 
Informatics.  (Fig. 1.1) 


Fig.  1.1  N'R's  Organisation. 
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In  the  Flight  Division  three  departments  can  be  found  that  play  an  important  role  in  flight  testing:  the 
Flight  Testing  and  Helicopters  Department,  the  Operations  Research  Department  and  the  Aircraft  Instrumen¬ 
tation  Department. 

This  report  gives  an  overview  of  the  flight  test  activities  and  capabilities  in  The  Netherlands. 

A  general  description  of  the  flight  test  programs  of  the  last  decades  with  civil  and  military  aircraft, 
helicopters  and  research  aircraft  will  be  given.  Some  of  the  highlights  of  the  more  recent  programs  will 
be  presented,  i.e.  the  type  certification  of  the  Fokker  50  and  Fokker  100  civil  transport  aircraft, 
store  certification  trials  with  military  fighter  aircraft,  helicopter-ship  compatibility  testing  and  the 
determination  of  the  mathematical  model  of  the  Cessna  Citation  500  for  a  Phase  II  flight  simulator. 
Furthermore  a  short  description  will  be  given  of  the  flight  test  instrumentation  and  flight  test 
techniques  that  have  become  available  in  The  Netherlands  during  the  last  decade. 


2  FLIGHT  TEST  PROGRAM  OVERVIEW 


2.1  Civil  transport  aircraft 
Fokker  aircraft 

The  first  civil  air  transport  aircraft  developed  in  The  Netherlands  since  World  War  2  was  the  Fokker  F27. 
Following  a  program  of  subcontract  work  for  the  Allied  Air  Forces  which  culminated  in  military  air,-i.u2i 
construction  contracts,  such  as  the  production  of  330  Gloster  Meteor,  400  Hawker  Hunter  and  350  Lockheed 
F104G  Starfighter  aircraft,  Fokker  embarked  in  1953  upon  its  biggest  postwar  venture:  the  design,  develop¬ 
ment  and  construction  of  a  twin  turboprop,  short-haul  airliner  with  a  seating  capacity  of  36.  Shortly 
after  its  introduction  a  version  with  a  stretches  fuselage  was  introduced  for  46  to  50  passengers. 

The  aircraft  would  be  known  as  the  F27  Friendship.  This  aircraft  was  Fokker' s  bestseller  for  25  years, 

786  aircraft  were  sold,  205  of  which  were  manufactured  under  license  by  Fairchild  in  the  USA.  There  it 
was  known  as  the  Fairchild  F227. 


In  the  early  sixties  Fokker  Initiated  the  development  of  a  short-haul  twin-jet  with  tail-mounted  engines 
and  a  seating  capacity  for  65  passengers:  the  F28  Fellowship.  It  had  a  take-off  weight  of  25,700  kg  and 
the  range  was  about  1000  nautical  miles.  The  F28  flight  test  program  started  with  the  maiden  flight  of 
the  first  prototype  on  9  May  1967.  Three  aircraft  were  scheduled  to  be  involved  in  the  development  and 
certification  flying.  After  two  months  the  second  prototype  joined  the  program  and  two  months  after  that 
a  third  aircraft  was  added.  The  first  two  aircraft  were  identically  equipped  with  extensive  test-  and 
recording  equipment.  The  third  aircraft  was  intended  to  serve  as  "stand-by"  and  to  perform  trials  requi¬ 
ring  limited  or  very  specialised  instrumentation,  such  as  for  icing  tests.  The  flight  test  program  took 
20  months  to  complete,  in  this  period  approximately  900  flight  hours  were  logged.  The  aircraft  was  certi¬ 
fied  in  1969.  In  later  years  several  versions  were  developed  by  Fokker,  the  original  version  of  the  F28 
was  then  called  the  F28  Mk  1000. 
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Fig.  2.1.1  The  F28-family  and  how  it  evolved 
into  the  Fokker  100. 


Fig. 2. 1,1  gives  an  overview  of  this  F28-family  and  how  it  eventually  evolved  into  the  Fokker  100.  The 
first  new  version  was  the  F28  Mk  2000,  which  was  certified  in  1972.  It  had  an  extended  fuselage  and  could 
carry  up  to  85  passengers.  From  this  version  the  Mk  4000  was  developed.  It  had  an  increase  of  wingspan  of 
1.5  m,  aerodynamic  refinements,  a  new  look  interior  and  uprated  engines  with  improved  noise  attenuation. 
This  version  was  certified  in  1976.  Hereafter  a  Mk  3000  was  developed  from  the  original  Mk  1000,  it  had 
the  original  fuselage,  but  otherwise  the  same  features  and  improvements  of  the  Mk  4000.  It  was  certified 
in  1978. 

All  versions  were  subjected  to  flight  test  programs,  in  which  the  consequences  of  the  alterations  were 
evaluated  and  certified.  These  tests  were  all  done  on  the  first  prototype,  the  Al,  the  flight  test 
instrumentation  of  which  was  extensively  updated  in  the  course  of  the  years  to  keep  pace  with  the 
Increasing  "user  requirements".  This  same  aircraft  was  later,  at  an  age  of  20  years,  used  as  the 
"Avionics  Test  Bed"  (ATB)  in  the  Fokker  100  development  program.  Of  the  F28  Fe 1 lowshi p-f ami ly  241 
aircraft  were  sold,  most  of  which  were  Mk  1000,  Mk  2000  and  Mk  4000  versions. 


Production  of  both  the  F27  and  F28  was  terminated  in  1987  as  the  production  of  the  Fokker  50  and  Fokker 
100  aircraft  fully  occupied  Fokker's  production  resources.  The  development  of  these  new  aircraft  types 
was  initiated  in  1982.  In  1983  Fokker  officially  launched  the  Fokker  50  and  Fokker  100  programs  simul¬ 
taneously  . 

The  flight  test  programs  started  in  late  1985  for  the  Fokker  50  and  late  1986  for  the  Fokker  100.  The 
test  programs  Included  full  scale  prototype  certif Ication  according  to  JAR  and  FAR  regulations,  they  are 
described  in  more  detail  in  section  3.1  and  in  Reference  1. 


L. 
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The  Fokker  50  (Fig  2.1.2)  Is  a  twin  turboprop  for  50  passengers  and  It  Is  a  much  Improved  and  modernised 
derivative  of  Its  predecessor,  the  F27  Friendship.  The  main  differences  can  be  found  in  the  flight  con¬ 
trols,  landing  gear,  engines  (P&W  124),  propellors  (Dowty  Rotol  6  blades),  avionics,  electrical  system, 
hydraulic  system. 

The  first  flight  with  the  first  Fokker  50  prototype  was  on  28  December  1985.  The  type  certificate  was 
awarded  on  15  May  1987,  In  the  test  program  two  prototypes  and  one  production  aircraft  were  used.  Until 
the  type  certification  985  flight  hours  were  logged. 

The  Fokker  100  (Fig. 2. 1.3)  is  a  short-haul  twin-jet  with  tail-mounted,  high  by-pass  ratio  engines  with 
seating  capacity  for  108  passengers.  The  Fokker  100  is  a  derivative  of  the  F28  Fellowship  Mk  4000,  as  can 
be  seen  in  Figure  2.1.1.  From  a  structural  point  of  view  it  is  a  very  drastic  adaptation.  The  main  diffe¬ 
rences  are:  an  extended  fuselage  (+5.9  m) ,  a  newly  designed  wing  with  larger  span  (+3  m)  and  chord,  based 
on  the  application  of  the  supercritical  wing  technology  and  a  horizontal  stabilizer  of  increased  span 
(+1.4  m) .  Furthermore  the  Fokker  100  has  completely  new  engines,  Rolls  Royce  Tay  620  and  650  with  a  thrust 
of  13,850  lbs,  resp.  15,000  lbs,  with  a  much  lower  specific  fuel  consumption,  and  a  very  low  noise  level 
which  meets  the  latest  (Stage  3)  regulations.  Other  major  differences  are:  thrust  reversers,  second 
generation  digital  avionics  with  full  cat.  3B  Autoland  capability  and  a  "glass  cockpit". 

The  first  flight  with  the  first  Fokker  100  prototype  was  on  30  November  1986.  The  type  certificate  'as 
awarded  on  20  November  1987.  In  the  test  program  two  prototypes  and  one  production  aircraft  were  used. 
Until  type  certification  1052  flight  hours  were  logged.  The  flight  test  programs  of  the  Fokker  50  and 
Fokker  100  will  be  discussed  in  more  detail  in  Chapter  3.1. 


Fig.  2.1.2  Water  ingestion  trials  with  Fig.  2.1.3  Take-off  and  landing  performance 

the  Fokker  50  at  Cranfield,  U.K.  and  fly-over  noise  were  measured 

at  Granada,  Spain  (photograph  Fokker). 


During  the  execution  of  a  flight  test  orogram  the  relation  between  Fokker  and  NLR  is  as  follows. 

The  program  management  and  the  test  conductance  are  performed  by  the  Fokker  Flight  Department.  Flight 
test  instrumentation  operations  and  data  preprocessing  operations  are  a  shared  effort  of  Fokker  Electro¬ 
nics  Laboratory  and  NLR's  Aircraft  Instrumentation  Department.  Each  department  developed  certain  instru¬ 
mentation  subsystems  which  will  be  further  described  in  Chapter  4  and  consequently  operated  them  during 
the  tests.  Both  departments  operate  their  own  data  preprocessing  stations  which  interface  with  their  data 
acquisition  systems.  The  data  preprocessing  stations  interface  with  the  respective  Fokker-  and  NLR  main¬ 
frame  computers. 


Cessna  Citation  500. 

In  ?he  spring  of  1986  the  Dutch  Government  Civil  Aviation  Flying  School  (RLS)  decided  to  purchase  a  phase 
II  flight  simulator  for  the  Cessna  Citation  500  business  jet,  used  in  the  final  part  of  the  pilot  training. 
The  objective  was  to  reduce  the  costs  of  the  training  by  transferring  part  of  the  type  training  from  the 
aircraft  to  the  simulator,  enabling  the  RLS  to  reduce  its  fleet  from  sir  to  three  aircraft. 

For  the  Citation  500,  which  was  developed  in  the  late  sixties,  no  adequate  mathematical  model  and  data 
packages  were  available.  Therefore  the  Faculty  of  Aerospace  Engineering  if  the  Delft  University  of  Tech¬ 
nology  (DVT)  and  NLR  were  selected  to  execute  a  flight  test  program,  identify  mathematical  models  of  aero¬ 
dynamic  forces  and  moments,  engine  performance  characteristics,  flight  control  system  and  landing  gear 
and  to  evaluate  the  models  with  off-line  >’nd  ptlot-in-the-loop-real-t ime  simulations.  One  of  the  aircraft 
was  equipped  with  an  advanced  high  accuracy  flight  test  instrumentation  system  from  NLR's  MRVS-family 
(see  Chapter  4)  and  a  flight  test  program  was  carried  out  consisting  of  52  hours  in  23  flights.  A  data 
base  was  formed  from  which  a  mathematical  model  could  be  developed.  Different  types  of  system  identifi¬ 
cation  techniques  were  applied  to  develop  models  of  the  aerodynamic  forces  and  moments,  the  static  and 
dynamic  engine  performance,  the  flight  control  system  and  the  landing  gear.  The  time  between  program  go- 
ahead  until  first  flight  was  3  months,  the  flight  test  program  was  virtually  completed  in  2  months.  Deli¬ 
very  of  all  mathematical  models  was  completed  within  five  months  after  the  first  flight.  This  program  is 
discussed  in  more  detail  in  Chapter  3.4. 


Jb. 
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2.2  Military  aircraft 
Fighter  aircraft 

The  Netherlands  did  not  develop  a  capability  to  design  military  fighter  aircraft  and  as  a  consequence  the 
scope  of  flight  test  programs  with  these  aircraft  is  rather  small  compared  to  countries  which  do  have 
such  a  capability.  However,  a  constant  stream  of  flight  tests  has  been  going  on  during  the  last  decades. 
The  first  post  war'  military  fighter  programs  were  executed  on  the  Lockheed  F104G  Starfighter  of  the  Royal 
Netherlands  Air  Force  (RNLAF) . 

Later,  in  1970,  the  Northrop  NF5  made  its  appearance.  This  version  of  the  well  known  F-5  fighter  line  had 
been  developed  to  the  specification  of  the  Dutch  and  Canadian  Air  Forces.  The  first  aircraft  which  had 
been  extensively  used  in  the  test  program  by  Northrop  came  to  The  Netherlands  provided  with  a  digital 
data  acquisition  system  and  NLR  took  care  of  the  instrumentation.  This  aircraft  was  in  use  as  a  general 
purpose  test  aircraft  for  the  RNLAF  for  many  years.  During  this  period  NLR  managed  the  instrumentation, 
adapted  it  to  specific  requirements  and  trained  Air  Force  personnel  to  operate  it. The  NF5  was  succeeded 
by  the  General  Dynamics  F16  (Fig. 2. 2.1),  which  is  the  subject  of  today's  military  flight  testing.  The 
nature  of  these  tests  could  best  be  described  as  improvement  programs,  improvement  in  the  sense  of 
improving  or  expanding  the  weapon  employment  capabilities  and  improving  the  operational  capabilities  of 
the  man-machine  combination.  During  the  operational  life  of  military  aircraft  it  is  often  necessary  to 
equip  the  aircraft  with  new  systems  or  external  stores,  to  expand  the  operational  envelope  or  to  certify 
new  configurations. 


Fig.  2.2.1  NLR  plays  an  essential  role  in  numerous 

flight  test  programs  for  the  qualification 
of  weapon  systems  for  aircraft  of  the 
Royal  Netherlands  Air  Force. 


In  executing  these  complex  tasks,  NLR  has  given  support  to  the  Royal  Netherlands  Air  Force  (RNLAF)  ever 
since  the  first  tests  with  the  F  104G,  thereby  acquiring  a  great  deal  of  expertise  in  this  field. 

Many  test  programs  involve  investigations  to  be  performed  during  actual  flight.  NLR  provides  a  total 
flight  test  package  consisting  of: 

-  planning  and  organization  of  a  flight  test  program, 

-  design,  installation  and  operation  of  all  required  test  equipment, 

-  data  processing  and  data  analysis. 

NLR  has  done  certification  work  for  several  aircraft-store  combinations  of  the  above  mentioned  aircraft 
types  of  the  RNLAF,  by  providing  support  In  flight  testing  and  analysis  to  Investigate: 

-  flutter 

-  loads  and  stresses 

-  performance 

-  flying  qualities 

-  store  separation 

Other  military  flight  test  programs  in  The  Netherlands  comprise  the  development,  test,  evaluation  and/or 
certi f ication  of  new  subsystems,  such  as  a  reconnaissance  system,  a  gunsight,  a  terrain  profile  matching 
system,  the  test  and  evaluation  of  modifications  to  the  aircraft,  both  hard-  and  software,  such  as  flap 
scheduling,  Fire  Control  Computer  weapon  delivery  software  and  radar  software  and  the  development  of  new 
operational  tactics. 

The  unprecedented  flying  qualities  of  the  FI 6  and  the  extreme  demands  on  the  human  physique  raised  the 
question  whether  the  pilot  would  become  the  limiting  factor  in  F16  operations.  Pilot's  complaints  led  Co 
some  research  programs  to  investigate  the  accelerations  and  the  resulting  loads  in  the  spine  and  neck  of 
the  pilot  during  high-G  manoeuvres  and  during  low  altitude,  high  speed  missions. 

At  this  moment  the  RNLAF  has  at  its  disposal  two  F16  aircraft,  an  F16A  and  an  F16B,  which  have  been  equip¬ 
ped  with  electrical  and  mechanical  provisions  for  the  rapid  installation  of  a  powerful  and  versatile  digi¬ 
tal  flight  test  data  acquisition  system.  The  aircraft  can  be  converted  from  squadron  service  to  flight 
test  service  and  vice  versa  in  two  days.  The  data  acquisition  system,  designed  by  NLR,  is  described  in 
detail  in  Reference  2.  Both  instrumented  aircraft  have  been  used  in  several  of  the  mentioned  certifi¬ 
cation,  evaluation  and  research  programs. 

The  relation  between  the  Air  Force  and  NLR  during  the  execution  of  a  flight  test  program  is  as  follows: 
the  program  management  is  done  by  the  Air  Force  and,  in  most  cases,  the  test  conductance  is  managed  by 
NLR' s  Flight  Test  Department.  Flight  test  instrumentation  and  data  preprocessing  is  provided  by  NLR’s 
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Aircraft  Instrumentation  Department.  Data  reduction  and  analysis  Is  done  by  NI.R  specialists.  The  final 
reporting  is  done  by  MLR  and/or  Air  Force  specialists.  Some  programs  are  entirely  conducted  by  the  Air 
Force,  sometimes  using  NLR  instrumentation,  sometimes  only  using  the  test  pilot's  judgement. 

Lockheed  Orion  P-3C 

In  1983  the  Royal  Netherlands  Navy  ordered  a  training  simulator  for  the  Lockheed  Orion  P-3C  anti-sub¬ 
marine  patrol  aircraft. 

The  mathematical  models  for  this  simulator  were  extracted  from  rather  old  and  scanty  flight  test 
information  and  theoretical  and  windtunnel  data.  In  order  to  be  able  to  adjust  and  validate  the  models 
more  accurately,  better  and  more  complete  information  on  the  aircraft  had  to  be  obtained. 

Therefore  it  was  decided  to  install  a  data  acquisition  system  in  one  of  the  RNLN's  operational  aircraft 
and  to  execute  an  extensive  flight  test  program  to  acquire  the  so-called  proof -of -match  data. 


2.3  Helicopters 

With  regular  intervals  during  the  last  25  years  NLR's  Fligut  Testing  and  Helicopters  Department  has  been 
involved  in  helicopter-ship  qualification  testing  for  not  only  the  Royal  Netherlands  Navy  (RNLN)  but  also 
for  several  foreign  navies.  The  objective  of  these  tests  is  to  determine  the  take-off  and  landing  flight 
envelope  for  helicopters  on  board  ships  with  a  small  flight  deck  to  ensure  an  optimal  operational  availa¬ 
bility. 

NLR  has  developed  a  method  to  assess  the  possibility  of  a  safe  take-off  and  landing  under  specified 
adverse  conditions,  with  as  high  a  payload  as  possible.  The  operational  envelope  can  be  greatly  expanded 
by  utilizing  the  optimized  take-off  and  landing  techniques  designed  by  NLR.  The  final  result  could  mean  a 
considerable  increase  in  the  operational  availability  of  the  helicopter  on  board  the  ship.  Because  of  the 
unique  character  of  each  helicopter-ship  combination  and  the  innumerable  possible  combinations  it  is 
understandable  that  usually  no  extensive  testing  has  been  carried  out  by  the  manufacturer  for  the  combi¬ 
nation  of  interest.  Helicopters  tested  in  the  programs  are,  a.o.,  several  versions  of  the  Uestland  Lynx 
(Fig.2.3.1),  Agusta  Bell  AB  212  and  Dauphin  HH  65A.  This  subject  is  further  discussed  in  more  detail  in 
Chapter  3.3. 

Fig.  2.3.1 

Helicopter-ship  qualification 
testing  for  the  Royal  Netherlands 
Navy,  Westland  Lynx  helicopter. 


Other  helicopter  flight  test  programs  in  The  Netherlands  have  rather  an  ad-hoc  character,  some  examples 
are  given: 

-  Determination  of  cross  wind  limits  for  the  Westland  Lynx 

-  Evaluation  of  an  engine  health  monitoring  system 

-  Performance  evaluation  of  the  Agusta  A  129 

-  Evaluation  of  night  vision  goggles  during  night  flights  with  the  Bo  105 

-  Evaluation  of  an  enhanced  Stability  Augmentation  System  of  the  Bo  105 

-  Determination  of  the  navigation  accuracy  of  several  Doppler  navigation  systems  with  the  Bo  105 

-  Determination  of  the  radar  cross  section  of  the  Alouette  III  and  Bo  105  as  a  function  of  terrain  cover 

-  Pilot's  workload  assessment 


2.4  Research  aircraft 


There  are  three  research  aircraft  in  The  Netherlands,  two  of  them  belong  to  NLR  and  the  third  one  belongs 
to  the  Delft  University  of  Technology  (DUT) .  NLR  operates  a  Fairchild  Metro  II  (Fig. 2. 4.1)  and  a 
Beechcraft  Queen  Air  80  (Fig. 2. 4. 2),  DUT  operates  a  De  Havilland  Beaver. 


Fig.  2.4.1  NLR's  Fairchild 

Metro  II  aircraft. 


Fig.  2.4.2 

NLR's  Beechcraft  Queen  Air  80 
aircraft  equiped  with  a 
scatterometer  for  remote 
sensing  research,  developed 
by  the  Delft  University  of 
Technology . 
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In  relation  to  the  subject  of  flight  testing  the  research  aircraft  are  being  used  for  research,  develop¬ 
ment,  test  and  evaluation  of  new: 

-  Flight  test  techniques 

-  Flight  test-,  aircraft-  and  cockpit-instrumentation 

-  Remote  Sensing  equipment,  such  as  SLAR,  SAR,  Scatterometer,  visible-light  scanner 

-  ILS/MLS-procedures 

-  Air  traffic  control  procedures 

-  Advanced  avionics  systems 


Examples  of  former,  recent  and  present-day  flight  test  programs  with  the  research  aircraft  are: 

-  Investigation  of  liquid-motion  during  zero-g  flights,  in  preparation  for  the  experiments  with  fluids  in 
partly  filled  containers  placed  in  the  Fluid  Physics  Module  in  Spacelab. 

-  Investigation  of  techniques  to  assess  pilot  workload.  Results  were  based  on  the  generation  of  subjective 
ratings,  physiological  measurements  and  task  performance  parameters. 

-  Investigations  into  the  optimum  presentation  formats  on  programmable  Electronic  Flight  Instrument 
Systems  (EFIS-displays) 

-  Research  into  the  application  of  a  Head  Up  Displays  and  the  optimum  presentation  formats 

-  Flight  tests  with  a  side  stick  controller,  in  relation  to  the  development  of  criteria  for  handling 
qualities  of  transport  aircraft  with  fly-by-wire  flight  control  systems,  such  as  the  A320.  This 
development  program  also  incorporated  flight  tests  with  the  Total  In  Flight  Simulator  (TTFS)  in  the 
USA. 

-  Development  of  the  Non-Stationary  Measurement  technique  (NSM)  for  the  determination  of  lift-drag  polars 
in  accelerated  flight  and  the  determination  of  stability  and  control  parameters  (see  Chapter  4) 

-  Development  of  the  STALINS-method  for  the  measurement  of  aircraft  trajectories  during  take-off  and 
landing  performance  measurements  (see  Chapter  4) 

-  Development  of  the  ALAND-method  for  the  measurement  of  the  aircraft  trajectory  and  touch-down  point  du¬ 
ring  Fokker  100  Autoland  cat  3B  certification  testing  (see  Chapter  4) . 

-  Development  of  a  Synthetic  Aperture  Radar  (SAR)  for  remote  sensing  research 

-  Application  of  a  Side-loo*  'ng  Airborne  Radar  (SLAR)  as  a  research  tool  in  the  area  of  surveying  and 
monitoring  of  land  and  sea.  The  Dutch  digital  SLAR  is  a  joint  development  of  the  Delft  University  of 
Technology  (DUT) ,  Physics  and  Electronics  Laboratory  TNO  and  NLR.  It  has  a  resolution  of  7.5  m  across 
track  and  16  mrad  along  track.  The  SLAR  data  is  recorded  on  board  on  a  high-density  digital  recorder. 

The  data  can  be  geometrically  corrected  for  variations  in  aircraft  attitude  and  motion  through 
simultaneously  recorded  inertial  reference  data.  Furthermore,  radiometric  corrections  for  system 
parameters  are  executed  to  calculate  radar  backscatter  coefficients. 

-  Development  and  operation  of  a  6-band  (between  1GHz  and  18GHz)  Scatterometer  made  by  the  Delft 
University  of  Technology.  Previously  the  instrument  was  used  in  connection  with  the  development  of  a 
scatterometer  in  the  ERS1  satellite  of  the  European  Space  Agency  (ESA),  which  will  measure  wind  force 
srl  direction  on  a  global  scale  from  the  radar  reflection  patterns  of  the  oceans.  At  presenc  this 
scatterometer  is  used  for  research  on  radar  reflection  in  agricultural  applications. 

Both  MLR  aircraft  have  been  equipped  with  high  accuracy  digital  data  acquisition  systems  and  mounting 
provisions  under  the  fuselage  for  installation  of  instrumentation  pods,  antennas  and  other  equipment. 

The  Metro  has  a  610x610  mm  camera  hatch  with  40  mm  thick  optical  quality  glass.  The  glass  can  be  replaced 
with  metal  plates  for  mounting  special  equipment,  such  as  antennas  and  the  trailing  static  tube.  The 
Queen  Air  has  a  tiltable  mounting  system  under  the  fuselage,  at  present  used  for  the  scatterometer  disc 
antenna  which  has  a  diameter  of  1  m. 


3.  FT TTHT  rrcT  PROGRAM  HIGHLIGHTS 


In  this  chapter  four  flight  test  programs  are  described  in  more  detail.  They  are  chosen  because  they 
clearly  demonstrate  the  quality  and  versatility  of  flight  testing  in  The  Netherlands. 


3.1  Type  certification  flight  testprograms  of  the  Fokker  50  and  Fokker  100 

In  1983  the  Fokker  Aircraft  Company  launched  both  the  Fokker  50  and  Fokker  100  programs  simultaneously. 
Obviously  that  did  not  mean  that  flight , testing  should  take  place  also  simultaneously.  Based  on  market 
demands  and  engine  availability  dates  it  was  decided  that  the  Fokker  50  should  be  ready  for  flight 
testing  first  and  the  program  should  be  laid  out  in  such  a  way  that  no  interference  with  the  Fokker  100 
flight  tests  would  occur.  (Ref.  I). 


The  Fokker  50  is  a  derivative  of  the  F27  Friendship,  it  is  a  twin  turboprop,  seating  about  50  passengers. 
(Fig.  3.1.1). 


The  project  started  in  1983  as  a  minimum  change  derivative,  retaining  the  basic  structure  of  the  well 
proven  F27,  but  with  new  engines.  However,  after  the  program  go-ahead,  mainly  due  to  marketing  pressure, 
the  definition  of  the  aircraft  progressively  changed  from  a  minimum  change  to  a  fully  modernized 
derivative . 

An  overview  of  the  additional  changes  after  program  go-ahead  is  as  follows: 

-  the  pneumatic  system  was  replaced  by  a  fully  hydraulic  system, 

-  the  electrical  system  became  an  all  AC  system, 

-  NAV/COM  equipment  was  fully  modernized, 

-  electronic  flight  instruments  (EF1S)  were  introduced, 

-  the  integrated  alerting  system  (IAS)  was  new, 

-  the  cockpit  layout  was  fully  modernized  adopting  the  "dark  cockpit”  philosophy,  as  engineered  for 
the  Fokker  100, 

-  the  pitot/static  system  was  moved  from  the  wing  tips  to  the  forward  fuselage, 

-  the  airconditioning  system  was  redesigned, 

-  the  interior  layout  was  fully  modernized,  including  new  passenger  and  service /emergency  doors  and 
more,  but  smaller  windows, 

-  for  engine-non-containment  reasons  the  trim  control  routing  was  separated  from  the  main  control 
routing. 

Apart  from  the  engine-nacelle  and  air-intake,  that  had  to  be  changed  drastically  the  aerodynamic  changes 
were  minor: 

-  rudder  and  ailerons  were  aerodynamically  balanced  to  reduce  control  forces, 

-  wingtips  were  provided  with  "foklets",  bent-up  wingtips  to  improve  lateral  stability, 

In  1983,  when  the  program  was  launched,  a  500  hrs  flight  test  program  was  planned  for  the  basic 
certification  of  the  Fokker  50,  to  be  flown  with  two  prototypes  and  a  first  series  aircraft  in  7  months. 

By  the  end  of  1985,  due  to  the  mentioned  additional  system  changes  and  general  reconsiderations,  the 
program  had  grown  to  700  hrs. 

Due  to  a  variety  of  reasons  the  Fokker  50  production  didn't  meet  its  schedule  resulting  in  a  late  arrival 
of  the  prototypes  at  the  flight  department  and  very  high  pressure  on  a  first  flight  date.  It  was  decided 
to  fly  before  the  end  of  1985  (28th  Dec.).  However,  the  aircraft  was  incomplete  and  the  instrumentation 
system  not  yet  operational.  So,  although  this  first  flight  was  a  success,  the  aircraft  went  straight  back 
into  the  hangar  to  be  completed  and  readied  for  the  start  of  the  flight  test  program.  Also  then,  the 
pressure  was  tremendous,  and  when  the  second  flight  was  finally  made  just  over  two  months  later,  the 
aircraft  and  its  instrumentation  system  were  still  not  complete.  It  was  only  just  sufficient  to  start 
with  the  first  few  weeks  of  the  program. 

It  was  hoped  that  there  would  be  sufficient  opportunity  to  complete  the  aircraft  and  its  instrumentation 
system  in  the  first  phase  of  the  flight  test  program,  during  the  down-times  in  the  nights  and  weekends, 
but  this  did  not  -  rk  uut  too  well. 

It  became  clear  that  the  absfc..c->  of  a  large  certification  flight  test  program  for  a  number  of  years  had 
seriously  eroded  the  ability  to  eitlmate  the  necessary  steps  leading  to  a  successful  flight  test  program. 

Due  to  the  originally  assumed  limited  Fokker  50  program,  the  instrumentation  systems  (see  chapter  4  for 
more  details)  of  both  prototypes  were  designed  to  be  dedicated  only  to  the  planned  tests  on  each  air¬ 
craft,  thus  accepting  a  very  limited  flexibility  in  program  planning;  both  aircraft  were  not  fully  inter¬ 
changeable  ! 

Also,  the  instrumentation  systems  were  build  to  match  the  early  specifications,  leaving  little  space  for 
later  additional  requests.  Too  many  of  those  came  in  a  later  stage  causing  significant  problems  and  basic 
reconfigurations  during  the  program. 

The  Fokker  50  flight  test  program  was  expected  to  be  a  fairly  smooth  program.  In  aerodynamic  respect  the 
aircraft  was  not  much  different  from  the  F27  and  most  aerodynamic  changes,  like  the  foklets  and  horn- 
balanced  rudder,  had  been  flight  tested  on  a  modified  F27,  Fokker's  Maritime  testbed,  the  year  before. 

The  new  pitot-static  system  had  also  been  evaluated  on  that  aircraft. 

Although  Fokker  was  the  first  customer  for  the  Pratt  &  Whitney  124  turboprop  engine  and  its  engine  and 
propellor  electronic  control  systems,  not  many  troubles  were  expected,  neither  with  the  engine  nor  with 
the  propellor.  The  engine  had  been  flight  tested  together  with  the  six  bladed  Dowty  propellor  on  a 
Viscount,  P  &  W  of  Canada's  flying  testbed.  Besides,  the  maximum  power  ratings  of  this  engine,  being  10% 
higher  than  those  of  the  RR-Dart  engine,  had  been  flown  on  the  Fokker  F27  Maritime  test  bed  bv  temporarily 
boosting  the  Dart  engines  to  the  required  power  level.  Limited  windtunnol  testing  had  been  considered 
adequate.  The  general,  optimistic  view  was  that  the  program  should  be  smooth. 

The  reality  was  different.  The  aerodynamic  changes  introduced  by  engine/propellnr  combination  proved  to 
have  considerably  more  effect  on  the  flying  properties  of  the  aircraft  than  expected. 

Due  to  various  problems  with  the  engine  and  its  electronic  control  system,  as  well  as  the  propellor 
electronic  control  system,  much  single  engine  testing  was  postponed  for  several  months. 

A  few  changes  in  the  longitudinal  stability  of  the  aircraft  proved  to  be  necessary,  requiring  time 
consuming  hardware  changes.  This  also  affected  the  definition  of  the  autoflight  control  laws,  so  final 
AFCS  testing  could  not  start  before  the  longitudinal  problems  had  been  solved. 

Those  set-backs  caused  considerable  delay,  affecting  the  runway  performance  an noise  program  that  should 
have  been  finished  before  the  summer  season  in  Granada,  Spain,  generally  an  ideal  flight  test  location 
all  the  year  through,  except  for  the  hot  summer  with  its  turbulent  atmosphere.  For  the  runway  performance 
program  Manchlng,  the  MBP.  flight  test  centre  in  the  south  of  Germany,  was  chosen.  With  their  excellent 
facilities  MBB  provided  good  support  to  complete  the  runway  performance  program  within  the  planned 
period . 

The  noise  program  had  to  be  delayed  until  September,  to  be  flown  in  Granada  after  all. 

Due  to  the  engine  problems,  it  was  too  late  for  the  hot  weather  program  to  find  the  required  "hot'' 
conditions  (40  deg.  C  plus)  op  rhf*  side  of  our  planet  and  those  tests  were  postponed  till  March  1987. 
Senegal  in  Africa  was  then  selected  and  there  the  right  temperature  was  found.  Tn  the  meantime  the 
cold-weather  conditions  in  Scandinavia  had  nicely  lined  up  with  the  delays  and  those  tests  were  done  in 
the  winter  period. 


Due  to  the  delays  and  the  growth  of  the  flight  test  program,  the  Fokker  50  progress  had  not  been 
sufficient  to  avoid,  as  originally  planned,  interference  with  the  Fokker  100  flight  test  program  that 
started  on  the  30th  of  November  1986.  Also  because  of  this  interference,  the  flight  test  production  rate 
of  the  Fokker  50  went  back  from  the  maximum  average  of  14  hrs/ac/vk  in  the  4th  and  5th  month  of  the 
program  to  7  hrs/ac/wk  in  the  second  half  of  the  program.  This  was  acceptable  because  delivery  of  the 
Fokker  50  was  by  then  delayed  to  July  1987  with  basic  type  certification  in  May  1987.  The  Fokker  100  got 
priority  consuming  some  capacity  from  the  Fokker  50,  which  got  worse  when  the  second  Fokker  100  started 
flying  in  February  1987. 

Fortunately  by  then  the  bulk  of  the  Fokker  50  program  had  been  finished. 

One  of  the  major  goals  of  the  Fokker  50  flight  test  program  was  to  certify  the  aircraft  with  as  few 
concessions  as  achievable:  although  the  first  customer  would  get  his  aircraft  late,  he  should  get  what  he 
had  ordered! 

It  was  quite  obvious  that,  as  soon  as  the  Fokker  50  would  be  certified,  the  Fokker  100  would  absorb  all 
available  flight  test  supporting  capacity,  leaving  hardly  any  capacity  for  product  improvement  activities 
on  the  Fokker  50  for  at  least  the  first  six  months  of  operation.  So  the  first  customer  should  get  a  good 
aircraft  without  any  operational  restrictions  right  from  the  start. 

This  goal  was  achieved:  the  basic  certificate  of  the  Fokker  50  was  very  complete,  leaving  hardly  any 
concessions  with  respect  to  the  original  design  specification.  Virtually  all  problems  had  been  solved. 
However,  this  approach  was  partly  responsible  for  the  program  overrun,  both  in  hours  and  in  time. 

On  the  other  hand,  during  the  first  six  months,  after  the  basic  type  certification  of  the  Fokker  50  only 
some  70  hrs  of  additional  test  flying  were  necessary  for  product  improvements  and  customer  options. 

The  resulting  progress  of  the  Fokker  50  flight  test  program  as  compared  with  the  planning,  can  be 
presented  as  follows: 


Fig.  3.1.2  The  Fokker  50  flight  test  program,  planning  and  reality. 


The  figure  clearly  Illustrates  the  delay  and  growth  of  the  program. 
The  corresponding  program  split-up  in  flight  hours  looks  as  follows: 


planned  actual 


(2983) 

(1985) 

(15-5-87) 

flight  envelope 

10 

20 

18 

f lutter/aeroelasticity 

10 

10 

6 

flight  handling 

60 

110 

230 

performance 

190 

200 

265 

propulsion 

40 

60 

176 

avionics 

60 

140 

145 

hydr/mech  systems 

5 

20 

23 

alrco  &  anti-icing 

20 

55 

52 

noise  &  vibration 

too 

75 

63 

loads 

5 

10 

7 

total 

500 

700 

985 

The  most  significant  exceedances  from  the  1985  planning  are  obvious:  flight  handling  and  propulsion, 
which  agrees  with  the  major  problem  areas  encountered  in  the  program.  Tbe  exceedance  in  performance  test 
hours  is  a  secondary  effect  of  the  same. 
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The  Fokker- 100  is  a  derivative  of  the  F28  Fellowship. 

It  is  a  tail-mounted  twin-engined  short-haul  jet  aircraft  with  seating  capacity  for  108  passengers. 
(Fig.  3.1.3). 


Fig.  3.1.3  The  ^okker  100. 


From  the  start  of  the  program,  the  Fokker  100  was  designed  as  a  fully  modernised  derivative  of  the  F28. 

The  major  aerodynamic  changes  were: 

-  the  fuselage  was  stretched  with  5.9  m, 

-  the  wing  was  modified  extensively:  only  the  basic  wingbox  of  the  F28  was  retained,  but  the 
planform  was  changed  and  the  span  was  Increased;  the  forward  and  aft  wing  sections  were  changed  to 
achieve  a  super-critical  wing  profile;  the  ailerons  and  flaps  were  redesigned, 

-  the  horizontal  tailplane  was  enlarged. 

The  major  system  changes  are  limited  in  number,  but  are  very  significant: 

-  the  R8  Spey  engines  of  the  F28  were  replaced  by  RR  Tay  engines,  giving  some  50%  more  thrust  than 
the  Spey  at  considerably  increased  fuel  efficiency, 

-  All  avionics  were  replaced  by  Arinc  700  digital  equipment;  the  aircraft  got  a  new  automatic  flight 
k^.iuul  auii  augments c -on  system  (AFCAS)  capable  of  CAT  3b  landings,  a  flight  management  svstem 
(FMS)  and  autothrottle  system  were  Introduced,  an  EFIS  and  multi-function  display  system  (MFDS) 
incl.  flight  warning  system  (FWS)  were  installed, 

-  a  glass  cockpit  was  introduced,  incorporating  6  CRT’s  (4  for  EFIS  and  2  for  MFDS)  replacing  conventional 
instruments,  designed  in  accordance  with  the  "dark  cockpit  philosophy",  adopted  by  Fokker  for  both  the 
Fokker  50  and  Fokker  100, 

-  carbon  brakes  were  introduced. 

All  other  systems  were  copied  from  the  F28  and  only  changed  to  a  limited  extent. 

In  1983,  when  the  Fokker  100  program  was  launched  together  with  the  Fokker  50,  the  flight  test  program 
was  planned  for  800  hrs,  to  be  flown  in  10  months  with  2  prototypes. 

In  1986,  before  the  start  of  the  flight  test  program,  due  to  further  development  and  revised  opinions  the 
program  up  to  basic  type  certification  had  increased  to  1084  hrs  in  11  ir-T-hs,  r o  be  flown  with  two  proto¬ 
types  and,  during  the  last  few  months.one  series  aircraft.  As  a  result,  the  required  flight  hours  produc¬ 
tion  rate  had  increased  from  9  to  an  average  of  10  hrs/ac/wk,  expected  to  be  an  acceptable  average. 

For  preliminary  evaluation  of  AFCAS  hard-  and  software,  the  original  prototype  of  the  F28  was  extensively 
modified  to  serve  as  an  avionics  flying  testbed,  supporting  the  Fokker  100  AFCAS  program  in  an  early  stage 
of  the  program  (Fig.  3.1.4) 


Thus,  early  AFCAS  software  was  tested  in  flight  about  a  year  before  the  firsv'  flight  of  the  Fokker  100. 
This  resulted  in  a  true  automatic  landing  on  that  first  flight.  The  avionics  flying  testbed  was  also  used 
as  an  instrumentation  testbed,  testing  various  new  MRVS  units  (the  Fokker/NLR  instrumentation  system,  see 
chapter  4) . 


Early  in  the  planning  of  the  Fokker  100  flight  tests,  it  was  understood  that  maximum  flexibility  was 
required.  Thus,  both  test  aircraft  were  Identically  instrumented,  except  for  a  few  extreme  cases.  This 
resulted  in  two  virtually  similar  prototypes.  This  made  it  possible  to  shift  programs  from  one  aircraft 
to  the  other.  Disadvantage  of  this  approach  was  the  fact  that  both  aircraft  were  relatively  heavy.  Some 
tests,  to  be  flown  on  low  weight,  had  to  be  repeated  on  the  first  series  aircraft.  Experience  with  the 
Fokker  50  had  taught  to  reserve  adequate  spare  capacity  in  the  system  to  cope  with  additional  recording 
requests . 
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Despite  significant  delays  in  the  production  phase,  considerable  effort  and  tine  were  spent  to  achieve  a 
first  flight  with  a  virtually  complete  aircraft  and  complete  instrumentation  system,  allowing  good 
flexibility  and  thus  progress,  right  from  the  start  of  the  program.  This  lesson  was  learned  from  the 
Fokker  50  program. 

In  the  first  few  months  the  flight  test  production  rate  was  12  hrs/ac/wk,  while  16  hrs/ac/wk  was  achieved 
as  a  program  maximum  average  over  the  5th  and  6th  month  of  the  program,  considerably  above  the  planned 
average  of  10  hrs/ac/wk. 

Because  the  Fokker  100  was  considered  an  almost  entirely  new  aircraft  from  the  beginning,  with  major 
aerodynamic  and  system  changes,  even  more  precautions  had  been  taken  to  assure  a  smooth  flight  test 
program. 

Extensive  windtunnel  testing  had  been  done  for  the  aircraft  and  especially  the  new  wing.  The  new  engine, 
the  Rolls  Royce  Tay,  had  been  tested  minutely  by  Rolls-Royce  and  was  flown  by  Gulfstream  on  their  new 
Culfstream  VT  aircraft  about  a  year  before  the  Fokker  100. 

The  all  new  digital  avionics  system  had  been  flight  tested  a  year  before  the  first  flight  of  the 
Fokker  100  on  the  avionics  flying  testbed,  the  F28  prototype,  and  although  not  fully  representative  for 
the  Fokker  100,  it  proved  to  be  a  very  useful  exercise.  Apart  fr^a  that,  engineering  simulators  were 
available  to  test  and  fly  all  AFCAS-,  EFIS-  and  FMS-software  versions. 

Right  from  Che  start  of  the  flight  test  program,  all  went  quite  smooth.  The  aerodynamics  of  the  aircraft 
agreed  very  well  with  the  vindtunnel  results;  only  a  few  minor  changes  were  required  allowing  completion 
of  the  flight  handling  certification  program  4  months  before  certification  date. 

The  engines  behaved  superbly,  giving  a  lot  of  confidence  to  the  crew  in  all  flight  conditions. 

The  first  flight  of  the  Fokker  100  ended  with  a  hands-off  Autoland,  and  although  many  AFCAS  problems  were 
still  to  be  solved,  it  all  looked  very  promising  right  from  the  start. 

Despite  the  6  weeks  late  arrival  of  the  second  prototype,  the  progress  with  proto-1  had  been  so  good  that 
within  a  few  months  this  draw-back  had  been  more  than  compensated. 

In  March  1987,  proto-1  went  to  Granada  on  schedule  to  stay  there  for  3.5  months  to  complete  the  runway 
performance  and  noise  program  in  time.  The  hot  weather  program  was  flown  on  time  in  August  in  Tunis, 
North-Africa.  Obviously  there  were  problems,  but  most  of  them  could  be  solved  and  none  of  them  disrupted 
the  flight  test  program  seriously. 

A  set-back  occurred  in  August  1987.  During  a  high-speed  landing  to  simulate  an  aborted  take-off  and 
investigate  the  behaviour  of  the  thrust  reversers  at  that  high  speed,  heavy  shimmy  of  the  right  hand  main 
undercarriage  occurred.  The  torque-link  appeared  too  weak  and  was  torn  loose  whereupon  the  sliding  member 
with  the  wheels  broke  off.  The  aircraft  came  to  a  stop  sliding  on  the  remaining  stub  of  the  gear  and  on 
the  wingtip.  Repair  of  the  wing  (the  undercarriage  could  be  replaced  easily)  and  strengthening  the  torque 
links  took  about  6  weeks.  An  extensive  program  to  investigate  the  shimmy  problem  took  another  few  weeks. 
Certification  therefore  slipped  a  few  weeks  to  20  November  1987. 

In  general,  the  Fokker  100  flight  test  program  went  quite  well  as  is  clearly  shown  bv  the  progress  line 
as  compared  with  the  planning: 


Fig.  3.1.5  The  Fokker  LOO  flight  test  program,  planning  and  reality. 

The  temporary  set-back  in  August,  following  the  shimmy  incident,  can  clearly  be  recognized. 
The  program  split-up  in  flight  hours  looks  as  follows: 


planned 

actual 

(19835 

(1986) 

(20-11-87) 

flight  envelope 

30 

35 

20 

f lutter/aeroelasticlty 

10 

10 

6 

flight  handling 

80 

253 

265 

performance 

200 

228 

224 

poverplant,  lncl.  APU 

100 

82 

75 

avionics 

170 

291 

227 

hydr/mech  systems 

20 

35 

72 

airco  6  anti-icing 

20 

42 

43 

noise  &  vibration 

130 

57 

80 

loads 

20 

27 

29 

cockpit  design 

20 

24 

11 

total 

800 

1084 

1052 
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Additionally,  41  hours  were  made  for  ferries,  demo's,  etc.,  adding  up  to  a  total  number  of  1093  flight 
hours  at  certification  date. 

Most  of  the  realized  hours  are  remarkably  close  to  those  planned  la  1985.  The  avionics  hours  are  signifi¬ 
cantly  less  due  to  the  decision  to  leave  the  bulk  of  the  Autoland  program  till  after  the  certification 
date . 

At  this  very  moment  flight  testing  with  the  Fokker  50  and  Fokker  100  still  goes  on.  The  carbon  brakes  for 
example,  did  not  perform  to  specif ication  and  had  to  be  modified  and  tested  a  second  time.  The  Fokker  100 
Autoiand  program,  leading  to  a  cat.  3B  certificate,  requiring  some  300  automatic  landings,  was  flown  from 
November  1987  till  March  1988.  Higher  thrust  engines  (for  USAir)  have  been  installed  on  the  Fokker  100 
and  a  large  number  of  new  customer  requirements  on  both  Fokker  50  and  Fokker  100  have  to  be  tested  while 
production  accelerates. 


3.2  Store  Certification  Flight  Testing 

For  more  than  two  decades  the  National  Aerospace  Laboratory  NLR  has  been  involved  in  supporting  the  Royal 
Netherlands  Air  Force  (RNLAF)  in  the  clearance  of  nev  store  configurations  of  the  Northrop  NF5  and  the 
General  Dynamics  F16  (Fig.  3.2.1). 


Fig.  3.2.1  Instrumented  F-16  aircraft 
of  the  Royal  Netherlands 
Air  Force  prepares  for  a 
tank  seperation  test. 

The  necessity  for  these  store  clearances  originated  from  the  requirements  of  the  RNLAF  to  use  weapons 
from  existing  inventories  or  the  introduction  of  new  weapon  racks  and/or  new  weapons  which  were  not  yet 
cleared  by  the  aircraft  manufacturers  or  other  authorities. 

The  RNLAF  could  have  applied  to  the  aircraft  manufacturers  for  additional  clearances  of  course,  but 
instead  the  alternative  way  of  involving  NLR  was  chosen  mainly  for  reasons  of  costs  and  the  need  to  have 
expertise  "round  the  corner"  readily  available  . 

The  clearance  activities  concern  store  separation,  performance,  loads,  flutter,  stability  and  control. 

A  full  description  of  the  flutter  clearance  capability  can  be  found  in  Refer°nce  3.  It  treats  the 
following  subjects: 

-  aeroelastic  calculation  methods, 

-  unsteady  aerodynamic  computer  codes,  including  store  aerodynamics, 

-  influence  of  store  aerodynamics  and  wing  transonic  effects  on  flutter  characteristics, 

-  store  flutter  clearance  procedures, 

-  results  of  flutter  and  dynamic  response  calculations, 

-  ground  resonance  tests  to  validate  structure  modeling, 

-  flight  tests  with  and  without  telemetry. 

Aero-«last ic  analyses  (Fig.  3.2.2)  and  if  necessary  flutter  tests  will  be  carried  out  to  determine  the 
safe  envelope  with  respect  to  flutter  and  limit  cycle  oscillation. 

If  the  results  of  all  analyses  show  safe  separation  throughout  the  flight  envelope,  flight  testing  ij 
conducted  only  as  necessary  to  validate  predictions.  If  results  show  marginal  or  unsafe  areas  of  the 
flight  envelope,  flight  testing  is  started  with  an  instrumented  aircraft. 

The  remainder  of  this  chapter  concentrates  on  the  store  separation  tests. 

When  a  new  certification  requirement  is  received,  an  analysis  is  carried  out  as  a  first  step  which  com¬ 
pares  the  new  configuration  with  similar,  certified  ones.  To  facilitate  this,  an  extensive  aerodynamic 
data  base  of  already  certified  stores  has  been  build  throughout  the  years.  If  a  new  store  fits  within  the 
analogy  criteria,  no  further  analyses  are  performed  and  only  limited  flight  testing  or  none  at  al]  may  be 
conducted.  If  a  store  doesn't  fit,  then  potential  problem  areas  are  identified  and  required  specific  ana¬ 
lyses  and  test  are  determined. 

NLR  can  predict  store  trajectories  using  theoretical,  grid,  flow  angularity  and  freedrop  methods.  When 
wind  tunnel  testing  is  required,  NLR  prefers  use  of  the  grid  method.  This  is  bee juse  grid  data  can  be 
used  off-line  to  perform  trajectory  analyses.  Trajectories  are  calculated  using  a  six  degree  of  freedom 
computer  program  called  VORSEP.  VORSEP  accepts  aerodynamic  parameters  as  inputs.  The  model  can  be 
operated  in  two  ways:  (1)  to  predict  store  trajectories  when  aerodynamic  coefficients  are  obtained  from 
theoretical  studies,  wind  tunnel  tests,  or  from  tests  with  the  NLR  full  scale  captive  store  load 
measuring  system  (described  in  the  subsequent  paragraph),  and  (2)  to  determine  aerodynamic  coefficients 
from  store  trajectory  data  measured  in  a  wind  tunnel  or  from  full  scale  store  separation  tests.  In  these 
cases,  the  model  initially  uses  predicted  coefficients  to  produce  a  predicted  trajectory  and  the 
coefficients  are  adjusted  until  the  predicted  and  actual  trajectories  coincide. 

In  addition  to  the  above,  NLR  has  developed,  and  validated,  a  unique,  full  scale  flight  test  captive  store 
load  measuring  system  (Ref.  4).  This  system  consists  of  a  support  structure  suspended  from  a  bomb  rack,  a 
five  component  load  measuring  balance,  and  a  replaceable  store  shape  (which  is  made  as  light  as  possible 
to  minimize  inertial  forces).  The  system  Is  designed  so  that  in-flight  airloads  may  be  measured  with  the 
store  in  a  captive  carriage  position  and  in  a  displaced  position  (with  a  spacer  placed  between  the  store 
and  the  carriage  rack).  Figure  3.2.3  shows  an  NF-5  test  aircraft  with  a  fuel  tank  mounted  on  the  captive 
store  load  measuring  system  in  the  displaced  position. 


Selection  of  displacement  values  is  based  on  a  study  showing  that  interference  aerodynamic  forces  decay 
rapidly  to  small  values  by  the  time  one  store  diameter  is  reached.  Three  missions  are  usually  required  to 
gather  store  airloads  data  for  each  configuration,  one  mission  with  the  store  in  the  captive  carriage 
position  and  two  missions  with  the  store  in  displaced  position.  Store  airloads  are  subsequently  used  in 
the  six  degree  of  freedom  computer  program  VORSEP  to  predict  store  separation  trajectories.  Data  from  a 
number  of  tests  show  that  store  separation  trajectories  based  on  flight  test  full  scale  captive  loads  are 
far  more  accurate  than  theoretical  or  wind  tunnel  based  predictions.  The  system  is  particularly  suited 
for  our  use,  because  in  The  Netherlands  many  stores  are  of  Che  low  density,  unguided  variety,  carried  on 
parent  pylon  and  multiple  carriage  racks. 

Besides  the  prediction  of  store  trajectories  to  identify  the  safe,  -.argiiid*  and  unsafe  areas  of  .he 
flight  envelope,  also  the  physical  compatibility  of  a  store  tc  an  aircraft  has  to  be  established.  Leading 
and  fitting  trials  are  executed  if  compatibility  is  not  obvious.  Subjects  such  as  aircraft/store 
interfaces  (hardware  and  signal  exchange)  and  operational  aspects  are  also  considered. 

New  stores  wrli  change  inertia  as  well  as  aerodynamic  loads  on  the  airframe.  Ejection  forces  and  dynamic 
structural  responses,  especially  in  case  of  ripple  releases,  will  also  differ  from  certified  cases. 
Therefore  the  structural  integrity  will  be  investigated. 


QAMPING  COEFFICIENT  |G)  FREQUENCY  (HZ) 

Fig.  1.2.2  Calculated  frequencies  and  damping  coefficients  as  function  of  airspeed  for  symmetrical 

vibrution  modes.  At  about  r>00  knots  flutter  might  occur;  the  figure  shows  rhe  two  Involved 
mode  shapes. 

The  separation  tests  start  at  a  point  judged  to  be  safe.  If  the  separation  as  reconstructed  from  the 
flight  test  (fig.  3.2.4)  differs  significantly  from  the  predicted  trajectory,  aerodynamic  load  data  are 
extracted  from  the  actual  results  and  used  to  update  the  predictions.  This  iterative  procedure  cuts  down 
the  number  of  flight  test  required.  The  process  is  continued  until  separation  envelope  goals  have  been 
achieved . 
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3.2.4  Two  view  representation  of  a  seperation 
of  a  fuel  tank  as  reconstructed  from  a 
flight  test. 
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3.3  Helicopter-ship  qualification  testing 

The  operation  of  a  helicopter  is  restricted  by  limitations,  as  specified  in  the  Flight  Manual. 

Apart  from  the  engineering  limitations  (weight,  center  of  gravity,  airspeed,  power,  etc.),  also  some 
operational  limitations  such  as  flight  in  icing  conditions  and  landings  on  slopes  are  given.  For  success¬ 
ful  operations  on  board  ships,  additional  limitations  and  special  procedures  are  required.  These  are  not 
given  .by  the  manufacturer,  since  they  depend  to  a  large  extent  on  the  ship  and  its  environment 
(Fig.  3.3.1). 


Fig.  3.3.1  The  ship,  the  helicopter  and  the  environment. 

During  about  25  years  NLR  has  gained  much  experience  in  the  determination  of  limits  for  helicopter 
operations  on  board  ships.  Test  programs  were  carried  out  successfully  for  the  Royal  Netherlands  Navy, 
the  Peruvian  Navy,  the  Royal  Norwegian  Coast  Guard/Navy  and  other  foreign  navies.  (Ref.  5). 

Prior  to  the  helicopter  flight  tests  on  ooard  the  ship,  the  following  investigations  are  carried  out: 

-  windtunnel  tests  on  a  scale  model  of  the  ship  to  determine  airflow  characteristics  near  the  flight 
deck; 

-  airflow  tests  on  board  the  ship  to  verify  the  results  of  the  windtunnel  tests; 

-  shore-based  helicopter  flight  tests  to  determine  and  to  verify  the  helicopter  limitations  as  specified 
by  the  manufacturer  (e.g.  cross-wind  limitations  and  power  required). 

Helicopter  operations  from  ships  are  affected  by  various  factors,  which  are  investigated  In  the  Low-Speed 
Windtunnel  of  NLR  (Fig.  3.3.2). 


Fig.  3.3.2  Investigation  of  the  airflow  near  the  flight  deck  of  a  ship  in  a  wind  tunnel.  Airflow  is 
visualised  by  means  of  tufts. 

-  Flow  deviations  and  turbulence  caused  by  the  ship's  superstructure. 

Observations  of  the  airflow  in  the  neighbourhood  of  and  above  the  flight  deck  are  made  and  measurements 
of  flow  deviations  and  turbulence  with  hot-wire  anemometers  a^e  taken. 

-  Smoke  at  or  over  the  flight  deck  and  at  the  helicopter  approach  path. 

Exhaust  plume  trajectories  are  measured  for  all  relevant  relative  wind  directions  and  velocities  and  at 
various  ship  power  settings.  In  addition,  in  case  of  gas-turbine-powered  ships,  the  shape  and  location 
of  the  high-temperature  plume  and  its  border  regions  are  determined. 

-  The  airflow  at  the  (proposed)  location  of  the  wind  measuring  gear  of  the  ship.  The  quality  of  the 
installation,  especially  with  respect  to  ambiguity,  is  evaluated  and  the  relationship  between  the  true 
relative  wind  and  the  indications  obtained  is  established. 

A  benefit  of  wind-tunnel  investigations  is  the  early  detection  of  unfavourable  conditions.  It  also 
provides  an  opportunity  to  investigate  the  effects  of  modifications  of  the  ship. 

To  verify  the  results  of  the  windtunnel  tests  for  the  flight-deck  environment,  some  full-scale  airflow 
measurements  on  hoard  the  ship  are  carried  out.  With  a  special  movable  mast,  equipped  with  low-inertia 
anemometers  and  temperature  sensors,  wind  conditions  and  plume  temperature  above  the  flight  deck  are 
measured  (Fig.  3.3.3).  The  relationship  between  these  measured  wind  conditions  and  the  relative  wind 
indicated  by  the  ship  anemometer,  is  determined. 

During  these  tests  the  ship  motions  are  measured  to  determine  the  dynamic  characteristics  of  the  ship, 
which  play  an  important  role  in  the  helicopter-ship  operations. 

The  aim  of  shore-based  helicopter  flight  tests  is  to  verify  and  to  d2tail  the  helicopter  limitations 
concerning,  for  instance,  cross-wind  conditions  and  engine  performance,  especially  during  hover  (Fig. 
3.3.4),  Together  with  the  test  pilot  the  results  of  the  flight  tests  are  Interpreted,  taking  into  account 
the  control  margins  needed  to  counteract  the  dynamic  response  of  the  helicopter  due  to  turbulence  in  t:.e 
vicinity  of  obstacles  as  present  during  operations  from  ahips. 

This  interpretation  leads  to  adjusted  helicopter  limitations. 
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Fig.  3.3.3  Movable  mast  for  full-scale  airflow  Fig.  3.3.4  Relative  wind  limitations  for  helicopter 

measurements  above  the  flight  deck.  take-off  and  landing  for  shore-based  opera- 

cions,  as  given  by  the  manufacturer. 

With  the  aid  of  the  results  of  the  wind-tunnel  tests  and  the  airflow  tests  on  board  the  ship  the  wind 
limitations  determined  during  the  shorebased  helicopter  flight  tests  are  corrected  for  the  readings  of 
the  ships  anemometer.  These  limitations  are  the  basis  for  the  flight-test  program  on  board  the  ship.  The 
flight  tests  are  carried  out  to  determine  the  effects  of  the  reduced  pilot's  view  over  the  flight  deck, 
the  ship  motion,  and  the  turbulence  on  the  pilot's  workload,  which  may  result  in  an  adaptation  of  the 
limitations. 

For  the  execution  of  the  flight  tests,  NLR  supplies  measuring  and  recording  instrumentation  (see  also 
chapter  4)  for  both  the  ship  and  the  helicopter.  NLR  generally  also  provides  three  members  of  the  test 
crew,  furthermore  consisting  of  members  of  the  contracting  agency:  the  test  pilot,  a  flight-deck  officer 
and  a  helicopter-directing  officer.  The  NLR  test  crew  is  responsible  for  the  set-up  and  the  execution  of 
the  flight-test  program  and  handles  the  test  equipment.  To  this  end,  an  NLR  observer  is  in  the  helicopter 
while  the  others  are  on  the  ship. 

In  general  the  test  crew  determines: 

-  optimal  procedures  for  take-off,  approach  and  landing; 

-  take-off  and  landing  limitations  by  day  and  by  night; 

-  limitations  for  helicopter  handling  on  the  flight  deck. 

Take-off  and  landing  procedures  to  be  carried  out  are  dependent  on  the  type  of  helicopter  and  the  flight 
deck  configuration  (equipment,  dimensions,  obstacles).  Generally  take-offs  and  landings  are  executed 
according  to  the  FORE-AFT  procedure,  during  which  the  helicopter  is  always  aligned  with  the  ship's 
centerline  and  with  its  nose  in  the  sailing  direction.  After  lift-off,  a  sidewards  flight  to  a  hover 
position  alongside  the  ship  either  to  port  or  starboard  is  executed.  From  that  position  a  forward  flight 
is  initiated.  The  approach  to  the  ship  is  terminated  at  a  hover  position  alongside  the  ship,  followed  by 
a  sidewards  flight  to  the  hover  position  over  the  landing  spot  on  the  flight  deck  from  where  the  landing 
is  carried  out. 

The  take-off  is  always  executed  to  the  windward  side  of  the  ship  while  the  landing  is  preferably  carried 
out  from  port,  because  the  pilot  should  have  a  good  view  over  the  flight  deck  (pilot  in  command  is  seated 
in  the  right-hand  seat). 

In  case  a  FORE-AFT  proc  iure  cannot  be  executed  because  of  helicopter  cross  wind  limitations,  alternative 
procedures  can  be  appl  :d  (fig.  3.3.5). 


Fig.  3.3.5  Take-off  and  landing  procedures  on  board  the  ship. 


For  safety  reasons,  the  (as  yet  unknown)  limitations  are  approached  gradually.  Therefore  the  flight-test 
program  is  divided  into  several  parts  with  increasing  demand  on  the  skill  of  the  pilot  and  the  capabili¬ 
ties  of  the  helicopter. 

These  parts  are: 

-  tests  at  low  helicopter  mass,  fair  weather,  first  by  day,  later  on  by  nignt; 

-  tests  at  maximum  helicopter  take-off  mass,  fair  weather,  day  and  night; 

-  tests  at  low  helicopter  mass,  rough  weather  and  sea  conditions,  day  and  night; 

-  tests  at  maximum  helicopter  take-off  mass,  rough  weather  and  sea  conditions,  day  and  night. 
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The  flight  tests  are  carried  out  up  to  approximately  50  kts  true  win  1  speed. 

In  the  course  of  the  tests  situations  will  be  met  which  prevent  continuation  of  a  certain  line  of 
investigation.  For  instance,  reaching  the  power  (torque)  limit  of  the  helicopter  prevents  tests  at 
increased  weight  or  at  lower  relative  wind  speed.  This  and  other  mechanical  limits  are  detected  in  the 
helicopter  by  displaying  the  value  of  the  relevant  parameter  and  also  on  the  ship  by  time  histories  of 
the  parameters  obtained  on-line  through  telemetry.  In  some  cases  the  limits  cannot  be  based  on  simple 
measurements,  for  instance,  where  turbulence  or  ship  motion  makes  the  take-off /landing  too  risky.  Here 
the  judgement  of  the  pilot  is  decisive,  and  adequate  experience  is  required  to  cope  with  unexpected 
situations.  In  judging  the  conditions,  the  pilot  must  realize  that  later  on  pilots  with  less  skill  or 
experience  may  have  to  operate  under  the  accepted  limits. 


At  the  completion  of  the  take-off  and  landing  tests,  a  fair  idea  about  the  operational  limitations  has 
been  obtained.  For  definite  results,  the  measured  data  together  with  pilot's  comment  have  to  be  analyzed 
in  more  detail,  especially  the  influence  on  helicopter  performance  of  turbulence,  ship  motion,  flight- 
deck  configuration  and  pilot  view  over  the  flight  deck. 

The  operational  limitations  are  presented  in  the  form  of  graphs  (Fig.  3.3.6)  containing  the  following 


aspects : 

-  take-off  and  landing  procedure; 

-  limits  for  relative  wind  speed  and  direction; 

-  maximum  allowable  ship  motion  expressed  in  standard  deviation  of  pitch  and  roll  angle; 

-  maximum  allowable  list  of  the  ship; 

-  maximum  allowable  helicopter  mass.  ktJ 
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Fig.  3.3.6  Take-off  and  landing  limitations 
the  FORE-AFT  procedure  by  day. 
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Furthermore  relative  wind  and  ship  motion  limits  are  given  for  deck  handling  operations  such  as: 

-  ranging  the  helicopter  from  hangar  to  flight  deck  and  vice  versa; 

-  spreading  and  folding  of  rotor  blades  and 

-  starting  and  stopping  of  rotors. 

The  results  of  the  qualification  testing  ensure  an  optimum  operational  availability  for  helicopters  on 
board  ships. 


3.4  Determination  of  the  Mathematical  Model  of  the  Cessna  Citation  for  a  Phase  II  Flight  Simulator 

The  Cessna  Citation  500  executive  jet  aircraft  is  operated  by  the  Dutch  Government  Civil  Aviation  School 
(RLS)  in  the  final  stage  of  civil  aviation  pilot  training. 

In  the  spring  of  1986  the  RLS  decided  to  purchase  a  flight  simulator  for  the  aircraft,  which  should  have 
a  Phase  II  approval.  This  made  it  possible  to  reduce  the  fleet  from  six  to  three  aircraft. 

Because  the  Citation  500  was  developed  in  the  late  sixties  no  mathematical  model  and  data  package  was 
available,  which  was  of  such  quality  that  it  could  be  used  to  obtain  Phase  II  approval.  Therefore  RLS 
contracted  the  National  Aerospace  Laboratory  (NLR)  and  the  Department  of  Aerospace  Engineering  of  Delft 
I'niversity  of  Technology  (LRT/DUT)  to  install  an  accurate  instrumentation  system  in  one  of  the  Citation 
500  aircraft  (PH-CTA)  (Fig.  3.4.1),  execute  a  flight  test  program,  analyse  the  data,  evaluate  the  a 
priori  mathematical  models  of  the  aerodynamics,  engine,  flight  control  system  and  landing  gear  and 
finally  generate  the  necessary  data  for  •these  models,  based  on  the  results  of  the  flight  tests. 

A  more  detailed  description  of  the  prog.-m  and  the  instrumentation  used  can  be  found  in  '-hapter  4  and 
Reference  6. 


Fig.  3.4.1  Cessna  Citation  (PH-CTA)  infligh 
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The  Instrumentation  system  required  for  flight  tests  incorporating  dynamic  manoeuvres  must  be  more 
accurate  than  usually  is  employed  with  conventional  methods.  Six  more  or  less  independent  sensor  systems 
can  be  distinguished: 

1.  Inertial  reference  system  (IRS) 

2.  Air— data  measurement  system  and  vanes  to  measure  the  aerodynamic  angles 

3.  Transducers  for  measuring  engine  parameters 

4.  Transducers  for  measuring  control  surfaces  and  trim  deflections 

5.  Transducers  for  the  measurement  of  control  forces  and  deflections  and  gear  parameters  such  as  shock 
absorber  deflections  and  nose-wheel  steering  angle. 

6.  Electrical  signals  from  aircraft  systems. 

Figure  3.4.2  shows  the  positions  of  the  various  sensors  in  the  aircraft. 


The  flight  test  program  was  drafted  with  two  different  objectives  in  mind: 

A.  Test  flights  to  obtain  data  for  the  evaluation  of  the  mathematical  flight  simulation  model. 

B.  Test  flights  in  order  to  fulfill  a  number  of  requirements  of  the  simulator  manufacturer  and  the  FAA. 
These  are  the  so-called  Acceptance  Test  Guide  (ATG)  and  Proof  of  Hatch  (POM)  requirements. 

Five  topics  had  to  be  covered  by  the  flight  test  program  with  respect  to  the  mathematical  modelling  viz.: 

1 .  Aerodynamics 

2.  Engine  dynamics 

3.  Flight  control  system 

4.  Aircraft  performance  and  handling  on  the  ground 

5.  Flight  deck  cues,  such  as  the  levels  of  sound,  vibration  and  buffeting  present  in  certain  conditions. 

Obviously,  a  comprehensive  program  would  be  necessary  to  acquire  the  data  for  the  modelling  of  the  topics 
mentioned  und'  *  label  1  to  4.  The  only  way  to  perform  this  challenging  task  successfully  within  the 
limited  time  available  to  execute  the  flight  tests,  was  the  ample  use  of  dynamic  flight  test  techniques 
in  combination  with  a  high  accuracy  instrumentation  system  and  parameter  identification  analysis 
techniques.  These  new  techniques  have  been  developed  by  LRT/DUT  and  NLR  to  reduce  the  valuable  test  time 
while  maintaining  the  same  fidelity  of  the  results.  They  are  described  in  detail  in  References  7,  8,  9, 
and  10. 

Taking  into  account  the  configuration  considered,  a  grid  of  altitudes  and  speeds  was  placed  upon  the 
flight  envelope  of  interest.  This  is  schematically  shown  in  Figure  3.4.3. 


Testpoints  within  flight  envelope. 


This  resulted  in  a  set  of  testpoints,  labelled  by  a  particular  configuration,  centre  of  mass,  altitude 
and  lift  coefficient,  at  which  a  train  of  specific  manoeuvres  tailored  to  the  various  objectives 
(performance,  stability  and  control,  FCS,  etc.)  is  described  hereafter.  The  sequence  of  the  manoeuvres 
lasted  not  more  than  13  minutes  per  testpoint.  The  tests  for  the  aerodynamic  modelling  can  be  split  up 
into  three  parts.  Measurements  are  required  with  respect  to: 

1.  Performance  model 

2.  Stability  and  control  model 

3.  Stall,  ground  effect  and  buffet  model. 


r 
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The  performance  model  can  be  split  up  in  a  symmetric  and  asymmetric  part.  The  latter  comprises  mainly 
steady  flight  conditions  in  which  a  sideslip  angle  is  present.  The  following  "manoeuvres"  can  be 
distinguished: 

1.  Quasi-sceady  rectilinear  horizontal  reference  conditions  of  the  test  points  and  the  angle  of  attack 
excursions  of  the  dynamic  manoeuvres,  that  are  initiated  from  these  conditions. 

2.  Quasi-stat ionary  flight  conditions,  during  which  for  each  axis  separately  the  appropriate  trim  tab 
deflection  is  slowly  increased  and  decreased.  At  the  same  time  the  steady  reference  condition  Is 
maintained  by  means  of  the  corresponding  elevator,  aileron  or  rudder  deflection.  The  manoeuvre  lasts 
as  long  as  the  control  forces  are  considered  acceptable  to  the  pilot.  In  fact  here  an  exchange  between 
trim  tab  and  control  effectivlty  takes  place. 

3.  Asymmetric  quasi-stationary  manoeuvres.  These  are  nominally  rectilinear  sideslipping  flights  with 
"relatively  slowly”  varying  slip  angle,  roll  angle  and  heading.  Positive  and  negative  slip  angle 
excursions  are  required. 

4.  Quasi-steady  wind-up  turn  manoeuvre.  In  nominally  horizontal  flight  and  constant  airspeed  the  roll 
angle  is  slowly  increased  and  decreased  to  approximately  60°.  Both  left  and  right  turns  are  executed. 

When  both  the  longitudinal  and  lateral  performance  models  are  available,  the  "performance"  envelope  of 
the  aircraft  has  been  covered.  In  order  to  be  able  to  evaluate  the  stability  and  control  mathematical 
model  the  following  manoeuvres  were  selected. 

1.  Symmetric  non-stat ionary  manoeuvres. 

Hereby  the  aircraft  was  excited  manually  by  means  of  rectangularly  shaped  elevator  doublets,  varying 
In  amplitude  and  time. 

2.  Asymmetric  non-stationary  manoeuvres. 

Also  here  rectangularly  shaped  aileron  or  rudder  doublets,  manually  applied,  were  used,  varying  in 
amplitude  and  time. 

The  arguments  to  use  these  type  of  Inputs  rather  than  more  "optimal"  inputs  were  of  a  practical  nature: 
All  other  solutions  were  more  costly,  a  block  type  input  is  easy  to  generate  manually  and  is  capable  of 
exciting  t  *  aircraft  over  a  rather  large  frequency  range. 

(..round  effect  measurements  were  executed  for  three  configuration  settings  with  landing  gear  down.  For  a 
number  of  preselected  heights  varying  from  2  to  10  m  above  the  ground  rectilinear  flights  were  executed 
at  constant  airspeed  and  height.  During  the  run  small  excitations  were  evoked  by  means  of  elevator, 
aileron  and  rudder.  Both  the  steady  parts  of  the  runs  and  the  excitations  can  be  used  to  evaluate  the 
ground  effect. 

In  the  flight  test  program  also  landings  were  included  in  which  the  final  parts  of  the  landing  could  be 
used  for  the  evaluation  of  the  ground  effect.  Therefore  the  aircraft  was  landed  hands-off  (as  far  as 
possible)  at  a  number  of  conf iguration  settings  and  at  various  constant  sink  rates. 

Stalls  were  performed  for  four  different  configurations  at  approximately  12000  ft  using  different  entry 
techniques. 

Because  it  is  not  a  Phase  II  requirement,  no  specific  tests  were  planned  to  determine  buffet  phenomena. 
However,  during  stall  and  manoeuvres,  in  particular  during  some  of  the  elevator  doublets  with  large 
amplitude,  these  effects  were  encountered  and  logged  on  the  test  cards. 

One  test  flight  was  dedicated  to  special  tests  with  respect  to  the  engine  dynamic  responses.  The  tests 
included  throttle  chops  at  several  altitudes  and  speeds,  throttle  slams  from  idle  to  maximum  continuous, 
small  throttle  steps,  in-flight  engine  shut-downs  ami  starts  at  several  points  in  Che  flight  envelope. 
Finally  also  constant  power  ratings  were  recorded  on  the  ground  and  video  recordings  of  the  engine 
instruments  were  made  of  the  engine  start-up  on  the  ground. 

For  the  evaluation  of  the  flight  control  model  no  specific  manoeuvres  were  planned,  because  during  all 
manoeuvres  performed  for  aerodynamic  modelling  the  control  forces  and  control  wheel  and  pedal  displace¬ 
ments  were  also  recorded.  However,  control  column  and  wheel  sweeps  were  performed  with  the  aircraft  at 
rest  on  the  ground.  These  measurements  give  Information  with  respect  to  the  dynamics  of  the  control 
system.  The  flight  recordings  mainly  provide  the  necessary  information  for  the  determinat ion  of  the  hinge 
moments . 

Besides  tests  performed  in  the  air  also  tests  were  executed  on  the  ground  in  order  to  analyse  the  under¬ 
carriage  dynamics.  Apart  from  the  use  of  the  ground  rolls  of  take-off  and  landing  for  this,  also  special 
taxi  trials  have  been  done  incorporating  turns  at  different  speeds  and  turn  rates  as  well  as  left/right 
braking  exercises.  Finally  shock  absorber  deflections  were  measured  during  static  tests  under  various 
mass  and  fuel  distributions. 

A  number  of  flights  was  performed  to  generate  the  Acceptance  Test  Guide  manoeuvres.  Thus  it  was  avoided 
that  the  data  used  for  the  determi nat ion  of  the  models  had  to  be  used  again  in  the  comparison  of  the 
model  results  with  flight  data. 

Data  processing  and  analysis  were  performed  using  the  well  established  techniques  developed  by  l.KT/Dt'T 
and  NI.R .  As  stated  before  these  techniques  are  extensively  published  in  References  7,  8,  9  and  10. 

To  gain  insight  in  a  preliminary  stage  it  was  decided  to  build  an  a  priori  model  of  the  Citation  500, 
based  on  the  available  wind  tunnel  and  flight  test  information,  completed  with  data  ot  comparable 
aircraft  and  engineering  judgement.  At  that  stage  it  was  not  clear,  which  terms  within  the  models  were 
relevant  for  the  Citation  500.  Therefore  rather  comprehensive  models  were  developed.  Including  all  kinds 
of  non-linearities  and  dependencies  on  the  aircraft  state. 

If  particular  parts  of  the  model  appeared  to  be  insignificant  or  could  noi  be  identified  from  the  test 
data,  it  would  be  much  more  simple  to  set  the  corresponding  coefficients  to  zero  than  expanding  the  model 
by  means  of  software  changes. 

The  a  priori  models  were  implemented  on  the  moving  base  flight  simulator  operated  by  LRT/DUT.  a  result 

a  complete  a  priori  model  for  the  Citation  500  was  available  preceding  the  flight  test  program. 

After  integration  of  the  model  within  the  simulation  software  and  off-line  testing,  it  was  possible  to 
fly  an  "a  priori"  Citation  on-line  with  the  pilot  in  the  loop. 

Although,  in  principle,  no  on-line  simulation  is  required  for  the  models  and  data.  It  was  considered  as  a 
very  valuable  option  both  for  the  a  priori  and  final  models.  In  case  of  the  a  priori  model  confidence 
could  already  be  built  up  with  respect  to  the  flvability  and/or  functioning  of  the  various  models. 
Furthermore  pilots  can  be  familiarized  more  easily  with  the  manoeuvres  th.it  are  planned  in  the  test 
f lights . 
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The  values  of  che  coefficients  in  the  a  priori  models  were  gradually  replaced  by  values  stemming  from 
flight  data  analysis.  It  appeared  that  the  Implementation  of  the  complete  final  models  in  the  a  priori 
model  structure  did  not  cause  any  difficulty.  In  fact  the  final  models  were  in  some  cases  more  simple 
than  the  a  priori  model.  (A  more  complete  description  of  model  structures  and  the  analyses  can  be  found 
in  Reference  6). 

As  mentioned  in  the  beginning  the  FAA  requires  Proof  of  Match  (POM)  data  in  order  to  validate  the 
simulator.  For  that  purpose  some  specific  manoeuvres  were  flown. 

Adopting  the  same  initial  conditions  for  aircraft  and  atmosphere  in  the  simulation,  the  input  signals  of 
the  flight  tests  (time  histories  of  the  control  system)  are  now  used  to  drive  the  simulation  models.  The 
resulting  model  response  can  then  be  compared  directly  with  the  flight  test  time  histories. 

As  an  example  in  figures  3.4.4  through  3.4,6  flight  test  time  histories  are  presented  from  the  POM  data 
base.  Characteristic  parameters  are  shown  of  a  level  flight  acceleration,  an  all-engine  partial  climb  and 
a  normal  take-off.  Furthermore  in  figure  3.4.7  a  characteristic  motion  is  depicted  viz.  the  Dutch  roll. 

In  che  figures  also  the  simulation  responses  are  depicted  (dotted  lines)  as  a  result  of  the  flight  test 
measured  input  signals.  As  can  be  noticed  a  good  agreement  is  achieved.  Where  appropriate  the  tolerances 
are  indicated  on  the  plots  as  defined  by  the  FAA. 

The  flight  tests  were  performed  in  February  and  March  1987.  All  models  were  analysed  and  delivered  before 
the  end  of  June  1987.  The  simulator  itself  became  operational  last  summer. 


•HH  ««  •««  <«» 


Fig.  3.4.5  All  engine  climb 
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Fig.  3. A. 6  Normal  take-off. 
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Fig.  3.4.7  Dutch  roll  dynamics  (yaw  damper  off) 
FAA  tol:  102  of  period 
.02  in  damping 


4.  FLIGHT  TEST  INSTRUMENTATION  AND  TEST  TECHNIQUES 
4.1  Civil  programs 


After  World  War  2  the  flight  test  instrumentation  equipment  that  was  available  in  The  Netherlands  was 
concentrated  at  NLR.  The  instrumentation  for  Che  flight  testing  of  the  F27  Friendship  was  almost  entirely 
done  with  NLR-photopanel-recorders .  In  1964  instrumentation  was  required  for  the  F28  Fellowship.  This 
time  Fokker  Electronics  Laboratory  provided  FM-  and  UV-recording  whereas  NLR  developed  and  Installed  a 
digital  recording  systems  (  50  samples  per  second!). 

In  the  late  seventies  Fokker  began  to  think  about  new  generation  aircraft  and  at  NLR  a  new  concept  for 
instrumentation  emerged.  In  1978  Fokker  Flight  Department  initiated  a  joint  NI.R-Fokker  approach  to  the 
integrated  development  of  new  instrumentation  systems  and  techniques  with  data  processing  capabilities  to 
match.  The  integrated  system  to  be  developed  was  called  MRVS,  the  Dutch  acronym  for  "Measuring,  Recording 
and  Processing  System".  About  2/3  of  the  system  would  be  realised  by  NLR  and  1/3  by  Fokker  Electronics 
Lab.  The  primary  function  of  MRVS  was  to  gather  and  process  data  from  (prototype)  test  aircraft  during 
flight  test  programs,  aimed  at  the  evaluation  and/or  certification  of  new  aircraf t-types  or  aircraft 
systems.  MRVS  should  enable  the  Fokker  Flight  Test  Department  to  achieve  a  short  flight  test  time,  both 
in  number  of  test  hours  and  in  duration  of  the  flight  test  program.  From  the  onset  it  was  clear  that  MRVS 
was  going  to  be  a  powerful,  but  complex  conglomerate  of  hardware,  software,  information  databases,  opera- 
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ting  procedures  and  last,  but  not  least,  people  that  would  make  the  whole  clockwork  tick.  More  specific: 
the  tools  that  MRVS  would  provide,  are: 

-  a  large  quantity  of  airborne  instrumentation,  enough  to  have  several  flight  test  programs  running  at 
the  same  time  with  approximately  seven  more  or  less  heavily  instrumented  test  aircraft. 

-  several  data  reduction  stations  for  digital,  analog,  vibration  and  noise  data,  linked  to  the  Fokker  and 
NLR  computer  networks. 

-  central  data  bases  for  the  storage  of  flight  test  data,  management-,  calibration-  and  instrumentation 
configuration  data. 

The  major  parts  of  MRVS  are  operational  since  1983.  Although  MRVS  has  been  specifically  designed  for 
flight  testing  the  Fokker  50  and  Fokker  100  prototypes  it  will  be  clear  that  the  acquired  capabilities 
can  be  used  in  other  programs  as  well.  As  a  matter  of  fact  instrumentation  according  to  the  same  concept 
has  been  used  for  F16  programs,  the  described  Cessna  Citation  program  and  the  programs  in  both  NLR's 
research  aircraft. 

Figure  4.1.1  gives  a  general  overview  of  some  of  the  MRVS-features . 


fig,  4.1,1  MRVS,  the  Measuring,  Recording  and  Processing  System. 


Today,  all  flight  test  instrumentation  and  data  processing  requirements  in  The  Netherlands  can  be  met 
with  MRVS. 

MRVS  consists  of  a  number  of  subsystems,  some  are  airborne,  others  are  ground  based.  Among  the  airborne 
subsystems  are  the  digital  and  analog  data  acquisition  systems,  the  ARINC  429  avionics  multiplexers,  the 
on-board  computer,  the  take-off  and  landing  trajectory  measurement  system,  trajectory  measurement  systems 
for  Autoland  and  fly-over  noise,  multi-sensor  aircraft  positioning  system,  telemetry,  Dhoto  and  video 
systems,  interior  noise  measuring  system.  More  detailed  descriptions  are  given  in  References  11  and  12. 

Among  the  ground-based  subsystems  are  the  telemetry  groundstation  with  tracking  L-  and  S-band  antenna, 
the  fly-over  noise  measuring  system,  the  meteorological  station  and  the  video  replay  stations.  Some  data 
processing  facilities  are  also  MRVS-subsystems ,  such  as  the  data  preprocessing  stations  at  Fokker  and  NLR 
for  digital,  analog,  noise  and  vibration  data  and  the  central  data  bases  (Ref.  13)  for  flight  test  data, 
calibrations,  instrumentation  configuration  and  management  information.  MRVS  utilizes  the  NLR-  and  Fokker 
mainframe  computer  infrastructure  for  data  processing  and  data  transport  (Ref.  14), 

Both  computer  networks  have  been  integrated  for  the  rapid  transfer  of  flight  test  data  and  the  rapid 
access  to  flight  test  and  configuration  data  bases. 


4.2  Military  programs 

Concerning  the  military  programs  the  following  can  be  added.  As  touched  upon  before,  the  airborne  data 
acquisition  system  in  the  military  programs  (Ref.  2)  is,  for  a  great  deal,  based  on  the  MRVS-concepts . 

The  dat8  acquisition  system,  capable  of  recording  and  telemetering  both  MIL  1553  A/B  mux  bus  and  con¬ 
ventional  analog  and  digital  parameters,  can  be  installed  in  the  ammodrum  and  gun  barrel  compartment  of 
both  modified  aircraft  (Fig.  4.2.1). 

Other  instrumentation  necessary  for  the  envisaged  programs  comprises  high  speed  camera  installations  in  a 
tip  launcher  with  two  inward-looking  camera’s,  a  centre  line  pylon  with  internal  camera  and  a  special 
camera  rack  with  three  camera  positions  (Fig.  4.2.2). 

A  transportable  telemetry  ground  station  with  a  tracking  L-  and  S-band  antenna  and  real  time  and  quick 
look  capabilities  is  available  for  e.g.  flutter  testing.  Expansion  of  the  processing  capabilities  by  incor¬ 
poration  of  a  powerful  Personal  Computer  Is  envisaged  in  the  near  future.  Data  reduction  and  analysis  can 
either  be  perioraea  xn  ».he  telemetry  ground  station  at  the  air  base  or  in  NLR's  main  frame  computer. 
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Fig.  4.2.1  Modular  instrumentation  system  in  ammo-  Fig.  4.2.2  High  speed  f*lm  cameras  (in  protective 
drum  compartment  of  F-16A  with  tape  re-  housing)  to  record  stores  separation, 

corder  on  top  and  "patch  panel”  in  gun 
barrel  space. 

4.3  Take-off  landing  trajectory  measurement  system 

The  first  MRVS  subsystem  to  be  discussed  is  the  system  for  the  determination  of  the  aircraft  trajectory 
during  take-off  and  landing  performance  measurements.  It  was  given  the  Dutch  acronym  "STALINS"  for  "Take¬ 
off  and  Landing  Measuring  System  using  INS-data". 

The  design  requirements  for  STALINS  were: 

-  The  accuracy  of  the  distance  determination  during  take-off  (from  standstill  until  a  height  of  10.7  m) 
should  be  better  then  0.1  Z  (1-sigma)  of  the  distance  covered. 

-  The  accuracy  of  the  height  measurement  during  the  above  mentioned  trajectory  should  be  better  then 
0.15  m. 

-  It  should  be  possible  to  extend  the  measurement  of  height  and  distance  until  a  height  100  m  has  been 
reached  (with  reduced  accuracy) . 

-  It  should  be  possible  to  use  the  STALINS-method  on  non-instr»*reu».eu  airfields  all  over  the  world. 

Ground  support  equipment  should  be  small  enough  to  be  carried  by  the  test  aircraft  itself. 

-  The  measurement  results  should  be  available  within  24  hours  after  delivery  of  the  flight  tapes  to  the 
data  processing  station. 

STALINS'  primary  sensor  is  a  Litton  LTN-76  Inertial  Navigation  System.  This  system  measures  the  accelera¬ 
tions  in  North-South,  East-West  and  vertical  directions  and  it  continuously  calculates  the  corresponding 
velocities  and  the  position  of  the  aircraft  in  a  horizontal  plane  relative  to  an  earth-bound  axes-system. 
Velocities  and  distances  are  obtained  by  integration  of  the  accelerations. 

The  horizontal  velocity-information  from  the  inertial  navigation  system  Itself  can  very  well  he  used  as 
an  input  for  the  STALINS-computation  program,  provided  some  corrections  are  applied  In  order  to  obtain 
the  required  accuracies  for  STALINS,  This  program  runs  post-flight  in  NLR's  main  frame  computer.  Hence 
the  first  integration  from  acceleration  to  velocity  is  left  to  the  inertial  system.  A  number  of  error 
sources  contributes  to  the  total  error  in  the  velocities  calculated  by  the  INS.  Some  are  negligibly  small, 
others  have  to  be  corrected  for.  These  corrections  are  applied  in  the  STALINS-computation  program, 
furthermore  the  corrected  North-South  and  East-West  velocities  are  integrated  to  obtain  distances,  covered 
since  the  start  of  the  measurement,  as  a  function  of  time.  The  integration  of  the  horizontal  velocities 
starts  from  the  point  of  standstill  for  take-offs. 

Direct  calculation  of  the  vertical  velocity  and  height  from  the  INS  outputs  and  the  local  g-value 
obtained  from  outside  sources  do  not  provide  the  required  accuracy.  This  can  be  solved  by  calibrating  the 
vertical  accelerometer  during  each  measurement.  The  calibration  can  be  established  by  comparing  the 
INS-measured  height  with  the  actual  (geographic)  height  trajectory  of  the  INS  during  the  ground  roll. 

The  latter  can  be  calculated,  if  (among  other  things,  but  the  most  important  of  all)  the  height-profile 
of  the  runway  (which  runway  is  purely  horizontal?)  is  known  with  great  precision  and  the  aircraft  posi¬ 
tion  in  the  coordinate  system  of  the  runway  is  known.  The  aircraft  position  is  also  required  to  be  able 
to  correctly  apply  the  height-profile  of  the  runway  to  the  aircraft  height  calculation.  The  aircraft 
position  can  be  determined  by  recording  on  board  the  passage  of  a  small  radar  marker  (Ref.  15),  placed 
along  the  runway  at  a  known  point.  These  markers  are  small  enough  to  be  transported  by  the  test  aircraft 
itself  and  they  can  be  put  into  operation  within  an  hour.  The  runway  profile  can  be  measured  with  stan¬ 
dard  geodetic  survey  methods. 

The  real-time,  in-situ  calibration  of  the  vertical  acceleration  makes  the  STALINS-method  unique.  It  has 
recently  proven  its  merits  many  times  during  the  certification  program  of  the  Fokker  50  and  Fokker  100. 

The  method  has  been  described  in  detail  in  Reference  16. 


4.4  Non-Steady  Measurement  method  (NSM) 

The  goal  of  the  NSM  method  is  to  determine  the  performance  as  well  as  the  stability  and  control  charac¬ 
teristics  of  an  aircraft  from  dynamic  manoeuvres.  The  method  consists  of  a  combination  of  specially 
designed  flight  test  manoeuvres,  h igh-accuracy  flight  test  instrumentation  and  a  sophisticated  data 
processing  technique,  using  a  Two-Step  method.  The  method  was  developed  by  the  Department  of  Aerospace 
Engineering  of  Delft  University  of  Technology  (LRT/DUT)  in  the  early  sixties.  In  co-opentlon  with 
LRT/DUT,  NLR  has  developed  the  method  into  an  operational  tool,  which  has  been  used  in  a  number  of  flight 
test  programs. 
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Conventional  methods  for  the  determination  of  performance  require  a  large  number  of  measurements  in  care¬ 
fully  controlled  steady-state  conditions,  ranging  over  all  airspeeds,  altitudes  and  aircraft  configura¬ 
tions.  Even  then  only  a  limited  number  of  points  on  the  lift-drag  polar  curve  are  obtained.  In  the  NSM 
method  the  complete  polar  curve  for  a  single  configuration  and  altitude  is  obtained  by  accelerating  the 
aircraft  at  a  constant  power  setting  from  low  to  high  speed.  This  manoeuvre  is  designed  to  accelerate  the 
aircraft  very  smoothly  to  ensure  that  the  departure  from  the  steady,  trimmed  condition  is  small  and  the 
engine  is  well  stabilized.  The  residual  effect  of  the  departure  from  the  steady,  trimmed  condition  is 
corrected  for  by  using  the  aerodynamic  model  of  the  aircraft  determined  by  the  same  method,  as  described 
below. 

The  stability  and  control  characteristics  are  determined  from  a  combination  of  specially  selected  control 
inputs.  The  reason  for  this  is  that  in  general  no  single  control  input  sequence  allows  the  determination 
of  the  complete  nonlinear  aerodynamic  model.  The  NSM  identification  software  is  designed  to  allow  the 
easy  combination  of  (parts  of)  a  large  number  of  manoeuvres. 

The  NSM  method  requires  highly  accurate  instrumentation  in  order  to  allow  the  accurate  reconstruction  of 
the  complete  aircraft  state.  Especially  the  inertial  measurements  (accelerations  and  angular  rates)  are 
very  important,  but  this  requirement  is  easily  met  using  a  modern  ring-laser  Inertial  Reference  System 
(IRS)  with  special  NLR  modifications.  The  accurate  measurement  of  airspeed  and  altitude  is  necessary  for 
the  performance  determination,  while  accurate  measurements  of  the  control  surface  deflections  is  required 
for  the  stability  and  control  characteristics. 

The  first  step  of  the  data  processing  starts  with  the  application  of  the  calibrations,  the  correction  for 
time  shifts  and  the  correction  for  the  effect  of  accelerations  and  angular  rates  on  the  measured 
variables.  In  addition,  the  calculation  of  the  mass,  c.g.  position  and  moments  of  inertia  during  the 
actual  flight  test  is  very  important.  Finally  the  complete  state  of  the  aircraft  is  reconstructed  using 
all  available  measurements  (inertial,  air  data  and  vane  angles)  with  a  Kalman  filter/smoother  using  a 
square-root  information  matrix  implementation. 

In  the  second  step  of  the  data  processing  the  smoothed  recordings  are  analyzed  using  a  parameter 
identification  program  based  on  linear  regression  techniques.  Since  this  program  is  very  fast  and 
flexible,  it  is  possible  to  evaluate  a  large  number  of  alternative  models  of  differing  complexity  based 
on  many  different  (combinations  of)  recordings.  The  quality  of  the  determined  models  can  be  judged  by 
using  the  built-in  graphical  facilities  of  the  program  to  look  at  residuals  and  scatter  plots. 

The  philosophy  of  the  Two-Step  method  is  based  on  the  fact  that  in  actual  practice  using  modern  instru¬ 
mentation  systems,  the  errors  in  the  identification  results  are  mainly  caused  by  the  effects  of  the  non¬ 
steady  atmosphere  and  by  modelling  errors.  Only  a  small  part  of  the  errors  is  caused  by  the  errors  of  the 
instrumentation  system.  A  consequence  of  this  is  that  all  information  needed  for  the  reconstruction  of 
the  aircraft  state  is  available  in  the  measured  variables  and  that  knowledge  of  the  aerodynamic  model 
will  not  improve  this  reconstruction. 

In  many  organizations  parameter  identification  of  aircraft  aerodynamic  models  is  usually  performed  using 
a  One-Step  method  based  on  output-error  techniques.  The  One-Step  method  is  very  time-consuming,  because 
the  aircraft  state  is  reconstructed  anew  for  each  single  parameter  identification  run.  Therefore,  it  is 
difficult  to  evaluate  different  models  and  to  search  for  the  best  parts  of  the  available  data  in  the  same 
way  as  can  be  done  with  the  Two-Step  method.  In  addition,  because  it  is  based  on  the  theoretical  white- 
noise  measurement  errors,  the  calculated  parameter  confidence  bounds  are  generally  very  much  lower  than 
the  actual  scatter  in  the  results.  In  the  One-Step  method  the  confidence  bounds  are  calculated  using  the 
actual  standard  deviations  of  the  residuals  and  are  generally  much  closer  to  the  actual  experimental 
scatter.  Nevertheless  the  One-Step  method  .is  used  extensively  by  NLR  in  those  cases  where  the  quality  of 
the  measurements  or  the  lack  of  complete  measurements  make  accurate  reconstruction  impossible.  An  example 
of  this  is  the  reconstruction  of  control  force  models. 

In  recent  years  the  NSM-method  has  been  applied  successfully  in  the  Fokker  50,  Fokker  100  and  Cessna 
Citation  flight  test  programs  discussed  above.  The  NSM-method  is  described  In  more  detail  in  References  7, 
8,  9  and  10. 


£.5  Automatic  landing  flight  path  measurement  system  (ALAND) 

The  Fokker  100  is  equipped  with  a  digital  Automatic  Flight  Control  and  Augmentation  System,  enabling 
Cat.3B  automatic  landings  to  be  performed.  In  the  Fokker  100  flight  test  program  approximately  300  auto¬ 
matic  landings  had  to  be  carried  out,  during  which  the  aircraft  trajectory  and  especially  the  touch-down 
point  had  to  be  determined  very  accurately.  For  this  purpose  NLR  developed  a  trajectory  measurement 
method  called  ALAND  which  utilizes  a  combination  of  a  photogrammetr ical  method  and  the  inertial  method, 
already  In  use  for  take-off  and  landing  trajectory  measurements.  Figure  A. 5.  I  gives  a  schematic 
representation  of  the  method. 

The  design  requirements  were  as  follows: 

-  3-Dimenslonal  aircraft  trajectory  measurement  during  approach,  landing,  /oil-out,  touch-and-go  and  go- 
arotsnd . 

-  Accuracy  (standard  deviation)  from  threshold: 

Position:  0.30  m  along-track. 

0.15  m  cross-track. 

0.15  m  height . 

Velocities:P.025  m/s  (cross-track  and  height). 

-  First  trajectory  data  available  within  12  hours. 

-  Instrumentation  transportable  by  test  aircraft. 
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The  ALAND  instrumentation  consists  of  a  forward  looking  camera,  which  takes  photographs  of  the  runway 
lights  during  the  last  stage  of  the  landing,  an  inertial  navigation  system,  a  radar  altimeter  and  a  pres¬ 
sure  encoder.  Furthermore  the  test  aircraft  has  been  equipped  with  its  standard  flight  test  instrumenta¬ 
tion  system.  Time  correlation  between  camera  and  other  sensors  is  accomplished  by  recording  a  common 
IRIG-B  time-code  signal  on  film  and  tape.  The  number  of  photographs  that  have  to  be  read,  digitized  and 
j/iocessed  per  landing  could  be  reduced  to  approximately  7,  by  making  use  of  the  irertial  data.  The  method 
is  described  in  more  detail  in  Reference  17. 


AIRCRAFT  FLIGHT  PATH 


Fig.  4.5.1  General  set-up  of  the  Automatic  Landing  Flight  Path  Measurement  System. 


4.6  Multi-DME  positioning  system  (MDP) 

The  position  of  an  aircraft  can  be  accurately  determined  by  sequentially  measuring  the  distances  to  a 
number  of  DME-  or  TACAN-stat ions ,  if  at  least  two  factors  are  taken  into  account: 

-  Since  the  DME-  or  TACAN-inf ormat ion  supplies  the  oblique  distance  between  aircraft  and  grounds  tat  ion 
and  the  desired  distance  is  the  projection  on  the  ground  of  this  oblique  distance  line,  a  correction 
for  the  aircraft  height  is  necessary, 

-  Between  two  distance  measurements  the  aircraft  has  moved  to  another  position  and  for  a  correct  determi¬ 
nation  of  Its  position,  groundspeod  and  groundtrack  since  the  previous  distance-measurement  Lave  to  be 
taken  into  account. 

If  this  method  is  combined  with  an  Inertial  navigation  system  an  accuracy  can  be  obtained  of  3D  m  CEP  if 
at  least  three  DME-stations  are  being  received. 

The  implementation  of  this  method  at  NLR  is  called  MDP ,  the  Multi-DME  Positioning  system.  MDP  consists  of 
a  DME-set  and  a  ROLM  1602B  computer.  The  DME-set  on-board  the  test  aircraft  is  sequentially  tuned  by  the 
computer  to  the  "visible"  DME-  or  TACAN-stat ions.  After  a  distance  has  been  read  into  the  computer,  it 
tunes  the  set  to  a  following  station.  The  position  determination  algorithm  in  the  computer  requires  a 
pressure  altitude  input  from  an  air  data  sensor  and  ground  track  and  ground  velocity  Inputs  from  an 
irertial  navigation  system.  In  the  algorithm  the  long  term  drift  of  the  INS  can  be  corrected  with  DME- 
data  or  vice-versa  the  jittery  DME-posI t ion-error  can  be  smoothed  by  the  INb-position  data.  The  computer 
calculates  and  displays  the  aircraft  position,  which  is  in  fact  an  updated  inertial  position,  and  outputs 
an  AKiN'C-429  data  stream  with  the  position  information  to  the  Arinc-mul  t  iplexer  in  the  data  acquisition 
system. 

The  MDP-method  was  used  f«..t  the  performance-evaluation  and  -certification  of  the  navigation  and  flight 
management  systems  of  the  Fokker  100  airliner.  Resides  for  flight  testing  purposes  this  method  is  also 
used  in  The  Netherlands  and  the  PSA  for  calibrating  ground  based  navigation  aids.  The  method  is  described 
in  more  detail  in  Reference  Ift. 


J. 
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5.  CONCLUDING  REMARKS 


In  this  report  an  overview  is  given  of  the  flight  testing  capabilities  in  The  Netherlands  and  of  the 
central  role  of  the  National  Aerospace  Laboratory  NLR  in  this  context.  As  The  Netherlands  have  their  own 
national  aircraft  industry  Fokker  which  develops  and  produces  successful  civil  airliners  such  as  the 
Fokker  50  and  Fokker  100  the  accent  is  more  on  the  civil  side  of  flight  testing  than  on  the  military 
side. 

Yet  there  is  also  a  considerable  expertise  in  the  relevant  disciplines  for  supporting  the  military  air¬ 
craft  operators  in  this  country.  Generally  speaking,  the  capabilities  are  much  broader  than  an  unprepared 
observer  from  abroad  might  have  expected  of  such  a  small  country. 

The  development  and  realisation  of  completely  new  systems  and  methods  for  data  acquisition,  data  proces¬ 
sing  and  data  analysis  for  the  Fokker  programs  have  had  and  will  have  a  considerable  spin-off  in  the 
direction  of  projects  for  other  customers  of  NLR  and  Fokker.  After  the  flight  testing  of  these  aircraft 
has  been  completed  the  Fokker  and  NLR  flight  test  organizations  will  be  available,  either  combined  or 
separately,  for  future  projects. 


Acknowledgement 

Writing  an  overview  such  as  this,  inevitably  involves  summarizing  and  citing  original  work  from  others. 
The  authors  are  therefore  indebted  to  the  authors  of  some  of  the  publications  given  in  the  list  of 
References. 

In  particular  they  would  like  to  thank  Mr.  Jan  van  Twisk,  Head  of  Fokker1 s  Flight  Test  Department,  for 
his  contribution  to  Section  3.1. 


-k. 


REFERENCES 


26-25 


I.  Twisk,  J.  van 


2,  Storm  van  Leeuwen,  S. 


3.  Meijer,  J.J. 


4.  Alders,  C.J. 


5.  Hofman,  C.F.G.M. 
Fang,  R. 

6.  Nleuwpoort,  A.M.H. 
Breeman,  J.H. 
Baarspul,  M. 
Mulder,  J.A. 

7.  Wilt,  M.  v.d. 


8.  Mulder,  J.A. 
Jonkers,  H.L. 
Horsten,  J.J. 
Breeman,  J.H. 
Simons,  J.L. 

9.  Breeman,  J.H. 
Simons,  J.L. 


10.  Mulder,  J.A. 


11.  Doom,  J.T.M.  van 
Manders,  P.J.H.M. 
Teunenbroek,  0.  van 
Pascoe,  G. 

Riebeek,  H. 

Voskes,  A. 

12.  Storm  van  Leeuwen,  S. 
Voskes,  A. 


13.  Van  Teunenbroek,  0. 
Heerema,  F.J. 

14.  Pascoe,  G. 


15.  Pietersen,  O.B.M. 


16.  Kranenburg,  C.G. 
Pool,  A. 

Willekens,  A. J.L. 

17.  Veen,  J.C.T.  v.d. 
Krijn,  R. 


The  Fokker  50  and  Fokker  100  Flight  Test  Program. 

Paper  presented  at  the  18th  Annual  Symposium  of  the  Society  of  Flight  Test 
Engineers,  Amsterdam  (September  1987) 

A  small  flexible  and  powerful  data  acquisition  system  for  the  F16  aircraft 
NLR  MP  85074  (1985) 

NLR  Contributions  to  the  Flutter  Certification  of  Aircraft  with  External 
Stores. 

NLR  MP  86025  U  (1986) 

In  Flight  Measurements  of  Aerodynamic  Loads  on  Captive  Stores;  Equipment 
and  Results. 

NLR  MP  79013  (1979) 

Determination  of  Limitations  for  Helicopter  Ship-borne  Operations. 

NLR  MP  84072  U  (1984) 

Phase  II  Flight  Simulator  Mathematical  Model  and  Data-package ,  Based  on 
Flight  Test  and  Simulation  Techniques. 

NLR  MP  88036  U  (1988) 


Flight  path  reconstruction  of  symmetric  unsteady  flights. 

NLR  TR  76133  U  (1976) 

Analysis  of  aircraft  performance  stability  and  control  measurements. 
AGARD  le«  .  u  „  juries  1C',  w..  -*Aer.?i  fication,  1979 


Evaluation  of  a  method  to  extract  performance  data  from  dynamic  manoeuvres 
for  a  jet  transport  aircraft. 

NLR  MP  78021  U,  (1978) 

Aircraft  flight  control  system  identification. 

8th  IFAC-IFORS  Symposium  on  Identification  and  System  Parameter 
F.stimation. 

Beijing,  China,  (August  1988) 

MRVS,  a  System  for  Measuring,  Recording  and  Processing  Flight  Test  Data 
NLR  MP  88034  U  (1988) 


The  Data  Acquisition  System  for  the  Fokker  100  Test  Aircraft. 

NLR  MP  87047  U  (1988).  Paper  presented  at  18th  Annual  Symposium  of  the 
Society  of  Flight  Test  Engineers,  Amsterdam  (September  1987) 

A  Database  Oriented  System  for  the  Support  of  Flight  Tests. 

NLR  MT  87008  U  (1987) 

FDVS,  Fokker’s  Flight  Test  Data  Analysis  System 
Fokker  Report  DAS-000-011  (1988) 

RASP,  a  System  Generating  Very  Accurate  Position  Markers  during  Flight 
Test Ing. 

NLR  MP  86006  U  (1986) 

STALINS  Method  for  Take-off  and  Landing  Trajectory  Measurements. 

NLR  MP  85057  U  (1985) 


Trajectory  Measurement  of  the  Fokker  100  Aircraft  during  Autoland  Testing. 
NLR  MP  86010  U  (1987) 


18.  Moezel,  B.  v.d. 


Airborne  Real-time  Multi-sensor  Navigation 
NLR  MP  83013  U  (1983) 


ON  THE  DEVELOPMENT  OE  A  BASIC  FLI6HT  TEST  CAPABILITY  AND 
SOME  RELATED  RESEARCH  PROJECTS 

by 

L  M  6  C  Campos,  A  A  Fonseca  and  H  F  Ramos 
mstituto  Superior  recnico. 

Lisbon  Technical  University, 

1096  LISBOA  CODEX, 

PORTUGAL 


SUMMARY 

The  present  paper  describes  the  development  of  a  b8Sic  flight  test  capability  in  Portugal ,  through  the  cooperation  Detween  the 
Portuguese  Air  Force  <  EAP  >  and  Lisbon  Technical  University  ( UT  ) ,  with  support  from  The  Rational  Aerospace  Laboratory  (NIR) 
in  the  Netherlands  and  Braunschweig  Technical  University  ( TU-B5)  in  Germany,  under  the  AG4RD  support  programme  for  the 
NATO  Southern  Flank  Nations  After  indicating  in  the  introduction  (SI !  the  motivations  for  this  programme,  we  describe  ( Part  I ) 
the  National  Flight  Test  Facility  (LNEV),  Indicating  the  forms  of  program  management  (S2)  used  in  the  development  of  the 
instrumentation's, stem  (S3),  we  proceed  to  outline  the  first  research  projects  (Part  II)  for  which  the  facility  will  be  used, 
mentioning  In  oasslng  aoplication  programs,  and  concentrating  un  two  protects  of  fundamental  reseach  on  flight  in  perturbed 
atmospheres  (SO) 1  and  non-linear  stability  (S5).  We  conclude  (S6)  by  mentioning  some  of  the  benefits  of  the  programme 
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$  \  -  INTRODUCTION 


AGARD  has  maintained  since  1983  a  support  program  to  the  NATO  Southern  Plank  Nations,  intended  to  develop  the  scientific 
and  technical  capabilities  relevant  to  the  defense  of  these  countries  within  the  Alliance  The  present  paper  describes  a  program 
(P45)  sponsored  by  the  Plight  Mechanics  Panel  (FMP).  and  intended  to  give  Portugal  a  basic,  but  independent  flight  test 
capability  Before  proceeding  to  a  more  detailed  description  (Part  I)  of  the  programme,  it  may  be  worthwhile  to  mention  in  the 
introduction  the  way  it  was  initiated 

This  programme  of  international  cooperation  arouse,  like  many  others,  from  an  informal  exchange  of  points— of-view,  within 
the  auspices  uf  AGARD.  in  the  present  case  among  Portuguese  and  Dutch  members  of  FMP.  namely  the  first  author  of  the  present 
paper  and  Mr  H  Moelke,  who  was  then  tne  head  of  the  Flight  Division  at  the  National  Aerospace  Laboratory  ( NLR)  in  Amesterdam 
The  NLR  is  responsable  for  flight  test  activities  in  the  Netherlands,  both  for  the  Armed  Forces  and  industry  The  NLR  could 
transfer  to  Portugal  the  flight  test  instr"mentation  (FTI),  (Table  I),  which  it  has  used  in  thp  certification  of  c*v  1  aircraft  (the 
Fokker  F  27  Friendship  and  F  28  Fellowsrnp.'  and  testing  of  military  aircraft  ( NF-5,  the  Dutch  version  of  the  Northrop  Freedom 
"lighter),  in  this  period  ( 1980-2)  the  NLR  wts  starting  to  develop  a  new  instrumentation  system,  wiiich  would  subsequently  be 
used  mine  certification  of  a  new  generation  of  Dutch  civil  aircraft  (the  Fokker  50  and  100)  and  in  the  testing  of  recent  military 
aircraft  (the  F- 16)  The  Dutch  offer  was  significant  in  that  it  gave  the  opportunity  to  achieve  a  basic,  but  independent  flight  test 
capability,  which  would  be  self-supporting.  There  has  been  contacts  with  another  nation  about  the  transfer  of  small  sets  of 
instrumentation,  but  this  would  not  give  the  quantum  jump  in  capability  needed  to  make  flight  test  activities  feasable  using  national 
ressources 

The  utilization  of  the  NLR  flight  lest  instrumentation,  would  require  the  availability  of  a  suitable  aircraft  in  Portugal  Among 
the  twenty  or  so  types  opiated  by  the  Portuguese  Air  Force  (FAP),  the  most  suitable  was  the  CASA  212  Aviocar  (Figure  I  and 
Tab’*:  H)  a  twin -turboprop  light  transport,  with  a  2-ton  usable  payload,  17,5-m3  cabin  volume  and  of  relatively  economical 
operation  During  the  same  period  there  were  contacts  between  the  FAP  and  the  Lisbon  Technical  University  (UTL),  concerning  the 
deveiopement  of  technological  capabilities  in  Portugal  in  the  field  of  Aeronautics.  Ac  part  sf  these  contacts,  the  Chief-of-Staff 
(C-o-S)of  the  FAP  General  LemosFp'reira,  hosted  a  visit  by  the  Rector  of  UTl,  Professor  Arantes  de  Oliveira,  to  the  Air  Force 
Academv  iaFa).  located  at  the  training  Air  Base  in  Sintra  (BA  I ).  25  km  west  of  Lisbon.  The  base  also  hosts  a  flight  of  four  Aviocar 
aircraft,  fitted  with  a  comprehensive  set  of  electronics,  and  used  for  a  wide  range  of  special  missions,  from  aerial  photography  to 
surveillance  of  the  Exclusive  Economic  Zone  (EEZ)  On  this  occasion  it  was  suggested  that  Portugal  could  acquire  a  flight  test 
capability  by  fitting  the  NLR  instrumentation  on  one  of  the  CASA  aircraft.  The  idea  was  immediately  taken-up  by  Chief -of -Staff  of 
faP  .  wno  directed  tne  Portuguese  National  Delegate  to  AGARD .  Genera!  Bourbon  to  support  it  General  Lemos  Ferreira  became  soon 
after  Chief-of— Staff  of  the  Armed  forces,  and  the  programme  has  received  unfailing  support  from  subsequent  Portuguese  National 
Delegates  namely  General  6alv&  Borges  and  Colonel  Aldela  Portela. 

Thus  were  paid  two  basic  elements  of  the  programme  ( i)  the  support  from  NLR,  maintained  as  the  head  of  Flight  Division 
changed  from  H  Moelke,  to  HA  Mooij  and  J  T.M  van  Doom,  all  FMP  panel  members,  and  acting  under  instructions  from  the 
Chairman  and  Director  of  NLR,  respectively  Professor  OH  Gealach  and  ir  j  van  der  Bliek,  both  national  delegates  from  the 
Netherlands,  (n)  the  continuing  cooperation  between  the  UTL  and  FAP,  culminating  with  the  signing  of  a  Memorandum  of 
understanding  on  Cooperation  in  Aeronautics  by  the  Rector,  Professor  Simbes  Lopes  and  the  Chief -of -Air -Staff  General  Brochado 
de  Miranda  The  third  element  was  the  need  to  train  Portuguese  engmers  ir.  the  use  of  flight  test  instrumentation  (FTI),  involving 
a  significant  man-hour  cost  Following  an  interview  with  Professor  Gero  Madelung,  who  is  national  delegate  from  Germany,  and 
contacts  with  Dr  P  Hamel  of  OFVLfi  and  Professor  G  Schanzer  of  the  Braunschweig  Technical  University  ( TU-8S),  both  of  whom 
are  FMP  panel  members,  it  was  agreed  that  the  Institut  fur  Flugfuhrung"  (IF)  of  the  latter  umvei  sity  wuuid  It  am  Portuguese 
engmers  at  its  own  cost  Thus  the  project  P4 5  to  give  Portugal  a  flight  test  capability  was  started,  with  FTl  offered  by  the 
Netherlands,  technical  training  provided  by  Germany,  an  aircraft  made  available  by  the  FAP.  technical  direction  from  the  instltuto 
Superior  Tecmco  ( 1ST)  of  UTL,  and  both  international  support  from  AGARD  and  funding  from  the  National  Fundation  for  Scientific 
and  Technological  Research  ( JNICT) 


part  i  -  THE  NATJQNALFUQHT  TEST  FACILITY  (LNEY) 

Since  theestablishement  of  a  flight  test  facility  in  Portugal  has  involved  the  coordination  of  several  national  and  international 
'Onfributions,  ir  nay  be  appropriate  to  outline  the  way  in  which  the  programme  was  managed  (S2)  before  proceeding  to  a 
descr  iption  of  the  instrumentation  system  ( S3 ) 


S  2  -  PROGRAM  MANAGEMENT 

The  management  of  the  AGARD  program  P45  to  give  Portugal  a  flight  test  capability  ma/  te  described  at  three  interconnected 
levels  (S2  1)  as  a  sequence  of  three  phases,  each  consisting  of  three  stages  (S2  2)  through  the  contributions  made  by  each 
participating  institution,  (S2  3)  by  the  working  arrangements  associated  with  the  performance  of  major  tasks 


S  2. 1  -  PHASES  AND  STAGES  OF  THE  PROGRAM 

The  program  is  organized  in  three  phases,  namely  ( I)  the  training  of  Portuguese  eng’neers  on  flight  test  techniques,  ( II )  the 
►ransfer  of  FT i  from  NLR  in  Amsterdam  to  the  laboratory  de  Aeroneutica  ( LA)  in  Lisbon,  (III)  the  installation  in  the  aircraft  and 
'is  verification  Each  phase  was  divided  into  three  stages,  and  in  'he  following  we  summarize  the  activities  corned  out  We 
indicate  for  earn  sage  the  date  of  the  relevant  report  prepared  for  AGARD  by  the  programme  director 

Tne  phase  i ,  concerning  (he  training  of  Portuguese  engineers,  involved  the  following  three  stages 

-  •  a  •:  9  2  1986/  a  two- week  introductory  course  on  Flight  Test  Tenhniques  was  given  m  September  1985  m  Lisbon  by  Dr  P 
vorsmann  and  Mr  D  Brunner  from  the  if  of  TU-BS  The  course  relied  on  the  experience  at  TU-8S  with  a  Do<  n»er  DO  28  flight 
•esf  *in-raft  t  since  then  replaced  by  a  DO  1 28).  and  included  discussions  of  which  aspects  would  require  adaptation  to  FAP  Aviocar 
aircraft  The  course  was  attended  by  1 4  mechanical  and  electrical  engineers  from  1ST  and  FAP ,  of  whom  4  were  assigned  to  the 

:  •'-.■gramme 


-  I  b  (23  2  1966)  In  the  meantime  a  consultant  from  NiR,  Mr  Fgter  von  Wissekerke.  came  to  Portugal  m  the  last  week,  of 
September  1906,  to  assess  the  facilities  aval  table  to  install  the  NLR  instrumental ‘in  in  the  FAP  Aviocar  aircraft  He  visited  the 
Air  Force  Material  Workshops  (OGMA),  at  Alverca,  25  km  north  of  Lisbon,  and  found  the  facilities  more  then  adequate  for  ine  task 
This  was  hardly  surprising  since  06MA  employs  about  3000  people,  has  facilities  to  overhaul  all  of  the  20  or  so  aircraft  types 
operated  by  the  FAP ,  and  derived  more  than  half  of  its  income  from  work  for  foreign  clients 

-  l.c  (9.3. 1986)  The  four  engineers  (2  mechanical  and  2  electrical)  assigned  to  the  programme  at  this  stage  underwent  training 
in  greater  depth  during  a  68-day  (October  to  December  1 986)  mission  to  the  IF  at  TU-BS.  The  training  included  1 0  hours  flight 
test  time,  end  a  brief  visit  to  NLR  in  Amsterdam  to  see  the  instrumentation  due  to  be  transfered  to  Portugal. 

The  three  stages  of  phase  I  were  completed  in  less  than  a  semester. 

The  phase  II  concerning  the  transfer  of  FTI  from  the  Netherlands  to  Portugal  and  its  verification  also  consisted  of  three  phases, 
each  lasting  one  semester 

-  Il.a  (9.3. 1986).  The  transfer  of  equipment  was  prepared  by  a  1-mounth  mission  by  Prof  J.JE  Santana  of  1ST  and  Captain  J  AC 
Carvalho  of  FAP  to  NLR,  where  they  familiarized  with  the  equipment,  in  particular  the  interfaces  and  documentation  which  were 
unique  to  the  FTI  instrumentation  offered  by  the  NLR  The  actual  transfer  of  equipment  was  somewhat  delayed  by  the  need  to  obtain 
custom  clearances,  in  spite  of  the  fact  that  NLR  had  official  permission  to  offer  the  equipment  to  Portugal. 

-  II. b  (9.3  1987):  The  FTI  offered  by  the  NLR  was  moved  to  the  laboratory  de  AeronOutica  at  1ST,  which  was  created  and  equiped 
with  support  from  the  JNICT  The  offer  of  equipment  by  the  NLR  was  substancial  (see  table  I)  includlnga  large  number  of  sensors. 
signal  conditioning  electronics,  tape  recorders  and  quick-look  ground  stations,  to  total  value  when  new  being  in  DFl  1  1 75.700 
(roughly  U$$  555,000).  It  took  some  time  w  tcct  all  this  equipment,  the  conclusion  being  that  it  arrived  in  remarkably  good 
condition,  with  only  very  minor,  easily  replaceable  items  needing  attention.  The  verification  of  the  equipment  and  initial  planing 
for  the  Data  Acquisition  System  were  helped  by  a  I  -week  consultant  mission  by  Dipl-lng  V.  Brandt  of  the  IF  of  TU-BS 

-  I  l.c  (206  1907)  the  detailed  planning  for  the  installation  of  the  FTI  in  the  Aviocar  aircraft  was  prepared  by  two  further 
training  missions  by  Portuguese  technicians  :  (i)  H.F  Ramos  and  A.A  Fonseca  spent  3  weeks  in  September  1987  at  the  TU-BS 
during  the  period  of  final  check  out  ofthe  instrumentation  fitted  to  the  Dornier  Do  128  aircraft  (which  replaced  the  Do  28),  (ii) 
A  Arantes  spent  2  weeks  with  Mr.  P  Sevenhuysen  at  NLR  in  the  North  Polder  training  on  the  selection  and  use  of  strain  gauges. 

These  two  missions  completed  the  training  of  Portuguese  technicians  in  Germany  and  the  Netherlands,  except  for  a  further  2 
weeks  of  pratical  experience  on  fitting  of  strain  gauges  arranged  through  Mr  R  van  der  Welde  at  NLR  in  September  1988.  to 
complete  the  training  of  Mr  A.  Arantes. 

The  third  phase  of  installation  of  equipment  in  the  aircraft,  also  consisted  of  three  stages  of  six  months  each 

-  Ill  a  ( 9  2  1 988) :  The  plans  for  the  installation  In  the  aircraft  were  reviewed  during  a  2-week  consultant  mission  by  Mr  P  M  N 
Hollestelle,  who  had  been  closely  involved  with  the  use  at  NLR  of  the  instrumentation  offered  to  Portugal 

-  Ill  b  (6.9  1988)  Three  voluminous  reports  describing  and  specifing  the  installation  of  equipment  in  the  aircraft  and  its 
operation  were  completed  by  the  staff  assigned  to  the  project  at  1ST,  it  received  approval  by  the  certification  authorities  at  FAP 
and  passed  on  to  OGMA  where  construction  of  assemblies  begun 

-  ill  c  <  first  half  of  1989) :  It  is  expected  that  after  the  installation  of  FTI  in  the  Aviocar  aircraft  is  complete,  a  final  consultant 
mission  by  Mr  PMN  Hollestelle  from  NLR  will  acompany  the  last  check-outs  and  first  proving  flights. 

The  program  £45  was  planned  m  three  phases  of  three  stages,  each  lasting  one  semester,  except  for  the  first  three  stages 
which  could  be  earned  out  in  one- semester  It  is  expected  that  this  3- 1/2  year  programme  approved  by  AGARD  in  1986  will  be 
completed  on  schedule  in  the  first  half  of  1 989,  with  the  first  flights  of  the  fully  instrumented  aircraft 

The  major  tasks  are  illustrated  by  a  bar  chart  in  table  III 


S  2.2  -  CONTRIBUTION  OF  PARTICIPATING  INSTITUTIONS 

The  preceding  summary  of  the  phases  and  stages  of  the  program  has  concentrated  on  the  consultant  missions  supported  bv 
AGARD,  and  mentioned  m  passing  some  of  the  Institutions  involved  in  the  programme  A  more  oalanced  overview  of  the  mam 
contributions  to  the  programme  follows  (Figure  2)  starting  with  the  international  support,  arid  procedwg  through  (he  national 
institutions,  to  the  various  branches  of  the  FAP  involved 

The  international  and  foreign  institutions  involved  were 

-  AGAPD  provided  (he  forum  through  which  the  initial  proposal  for  the  programme  above  rn  contacts  at  the  FMP.  an-3  were 
approved  by  the  National  Delevates  Board  ( NDB )  AGARD  did  timely  financing  of  the  various  consultant  missions,  and  most 
important,  provided  a  Cham  of  links  through  which  the  eight  people  for  the  job  were  quickly  and  efficiently  brought  to  work  The 
documentation  published  by  AGARD,  such  as  the  AG-160  (Flight  Test  instrumentation)  and  AG-300  (Flight  Test  Techniques) 
volumes  has  uf  course  been  extensively  used,  in  addition  to  documentation  specific  to  the  equipment  offered  by  NiR  and  national 
documentation  supplied  by  members  of  the  Flight  Test  Techniques  Working  Group  ( FTTWO)  o'  AGARD. 

-  weNcR  m  the  Netherlands  offered  absolutely  free  of  charge  a  comprehensive  set  of  flight  test  instrumentation,  and  provided  the 
t'-ammgof  Cortuguese  technicians  and  consultant  missions  in  areas  specific  to  this  equipmen* ,  waiving  Us  man-hours  costs  on  an 
Mas-ons  to  date  The  support  from  NLR  has  been  unfailing  at  all  times,  even  when  it  had  a  particular  lv  high  workload,  during  the 
'ecent  simultaneous  flight  testing  o'  the  Foi  r  50  and  100  aircraft  The  support  from  NLR  has  been  extended  to  areas  not 
originally  envisaged,  such  as  the  selection  and  installation  of  strain  gauges, 

-  the  Tu-BS  m  Germany  has  provided  free-of-charge  the  more  extended  general  training  of  Portuguese  technicians  on  flight  test 
(<x'hniques.  and  has  also  supported  various  consultant  missions,  these  activities  complementing  very  well  those  of  nlR  The  T  U  -  B  5 
ras  given  access  to  its  considerable  experience  on  the  use  of  Dormer  flight  test  aircraft,  including  activities  which  were  latter 
ner  for nied  or  the  Por  tuguese  Aviocar 

"he  high  Quality  of  jxjfnentat ion  written  by  NLR  fix  itsFTl.  together  with  the  great  amount  ot  pratical  detail  eommurcaied 
%  Tu-BS.  have  been  fundamental  in  planning  and  carrying  out  the  installation  »n  the  FAP  Aviocar  aircraft 


The  three  main  national  institutions  involved  have  been 

-  the  JNICT  has  financed  the  program  as  a  3 -year  project  for  the  period  1987-9,  under  the  Program  for  National  Infrastructures 
for  Research  8nd  Development.  Its  funding  has  allowed  the  LA  to  be  created,  and  has  covered  the  costs  of  some  equipment  additional 
to  that  received  from  NLR  and  also  some  missions  not  coveied  by  AGARD,  as  well  as  aquisition  of  services  other  than  those  of  UTL 
and  FAR  staff  which  have  worked  on  the  programme  without  material  benefit, 

-  the  UTL,  through  the  1ST,  has  provided  the  work  of  staff  of  the  Applied  Modelling  Group  at  the  Department  of  Mechanical 
Engineering  and  Systems  and  Electronics  Group  at  the  Department  of  Electrical  Engineering.  This  work  includes  the  testing  and 
checking  of  instrumentation,  the  setting-up  of  a  ground  simulation  bench,  the  preparation  of  manuals  describing  ans  specifing  the 
installation  in  the  aircraft  aid  operation  of  the  system  and  overall  management  of  the  program . 

-  the  FAP  has  supported  the  program  at  all  levels,  from  the  contribution  to  management  made  by  the  Portuguese  national  delegates, 
coordinator  and  their  staff,  to  theassignements  of  pilots  and  technicians  from  various  branches,  the  allocation  of  the  aircraft  and 
support  equipment,  and  the  costs  of  installation  of  the  FTI  in  the  aircraft  at  OGMA 

It  may  be  worth  while  to  indicate  the  departments  of  the  FAP  more  directly  involved  in  the  programme,  at  technical  level 

-  the  certification  of  modifications  to  the  aircraft  and  contracts  for  the  execution  of  work  at  OGMA  is  the  responsibility  of  the 
Mechanics  ( DMA)  and  Electronics  ( DE)  Directorates, 

-  the  installation  work  is  carried  out  by  OGMA  at  the  electrical  (AT3)  and  mechanics  (AT2)  hangars,  on  the  basily  of  detailed 
drawings  prepared  at  the  design  office,  in  accordance  with  the  documentation  for  the  FTI  and  constraints  imposed  by  the 
configuration  of  the  aircraft; 

-  the  aircraft  is  operated  by  operated  by  Flight  401  at  Sintra  Air  Base,  whose  pilots  have  advised  on  aspects  of  the  data  aquisition 
system  related  to  flying  techniques,  such  as  a  double-stick  (transducer  with  strain  gauges)  used  to  measure  stick  forces,  the  flight 
line  support  of  the  aircraft  will  bs  provided  by  a  laboratory  at  AFA,  which  is  co- located  with  Air  Base  1  at  Granja  do  Marques 


S  2.3  -  TASKS  OF  THE  WORKING  GROUP 

The  investiment  of  manpower  and  ressources  in  this  programme,  both  by  the  FAP  and  UTL,  reach  in  1987  a  level  where  it 
prompted  the  signing  of  a  Memorandum  of  Understanding  (MoU),  by  the  Rector  of  UTL  and  C-of-S  of  FAP  This  event  was  widely 
reported  in  the  press,  as  the  MoU  foresees  a  broad  range  of  cooperative  activities  in  aeronautical  education,  research  and 
development  In  order  to  implement  the  MoU  the  C-of-S  of  FAP  and  Rector  of  UTL  each  named  (Figure  3)  a  three  members  to  a 
joint  steering  commitee.  which  considers  new  cooperation  projects  groups  At  the  time  of  signing  of  the  MoU  the  working  group 
LNEY  was  already  in  operation,  and  it  appears  that  the  next  research  and  development  projects  will  be  in  the  areas  of  structures 
and  electronics.  The  MoU  whose  initial  text  was  prepared  by  Professor  J.M.G  Sa  da  Costa,  also  foresees  activities  related  to  the 
training  of  aeronautical  engineers,  which  has  been  a  subject  of  discussion  between  UTL  and  FAP,  both  within  and  outside  the 
steering  group 

The  director  of  the  working  group  on  LNEV  coincides  with  the  chairman  of  the  steering  group  from  the  side  of  UTL  The 
working  group  consists  of  ten  members,  representing  the  organizations  participating  in  the  technical  aspects  of  the  programme 
(Figure  4) : 

-  two  electrical  engmners  (H.F.  Ramos  and  A  A.  Fonseca)  from  1ST  assigned  full  time  to  the  program,  who  have  developed  most  of 
the  FTI  and  its  related  documentation, 

-  two  mechanical  engineers  ( Professor  J.A.C.  Azmheira  and  Mr  A  Arantes)  from  1ST,  responsable  for  mechanical  design  aspects, 

-  a  mechanical  (Cap.  Carvalheire)  and  an  electrical  (Cap  Damasio)  engineer,  from  the  Logistic  Command  (LC)  in  charge  of 
certification  and  contracting. 

-  a  mechanical  (M.  Domingues)  and  an  electrical  (Cap  R.R.  Almeida)  engineer  from  OGMA  concerned  with  building  up  the 
installation, 

-  a  pilot  (Cap  Almeida)  from  flight  401  at  Air  Base  1  who  will  be  the  leading  crew  member  for  the  test  flights, 

-  a  member  of  staff  (Lt-Col.  A.M.S.  Cardoso)  of  the  AFA,  and  also  FtiP  member  who  acts  as  liaison  to  FAP  department  other  than 
those  listed  above. 

The  method  of  operation  of  the  working  group  with  respect  to  each  major  task  is  as  follows  (Figure  5) . 

-  the  staff  at  LA  establishes  the  specifications  for  each  item  of  the  installation, 

-  the  constraints  imposed  by  the  configuration  of  the  aircraft  are  assessed  with  the  help  of  OGMA,  and  the  effects  on  flying  practice, 
if  any ,  are  taken  into  account , 

-  advice  from  the  pilot, 

-  the  preceding  inputs  are  used  to  design  the  installation  at  LA,  and  the  relevant  documentation  is  sent  to  DMA  and  DE  for 
certification, 

-  these  authorize  the  contracts  for  detailed  drawing,  assembly  and  installation  at  OGMA,  with  verification  by  1ST, 

-  m  operation  the  flight  support  is  provided  by  BA1 ,  the  on-the-spot  laboratory  chec^  3t  AFA, 

-  simulations  in  the  ground  bench  and  data  processing  are  centralized  at  LA 


S3-  INSTRUMENTATION  SYSTEM 

The  selection  of  sensors  and  sources  rf  dat8  (S3  2)  and  the  arquitecture  of  the  data  aquisition  system  (S3  3)  were  performed 
m  agreement  with  a  set  of  system  design  principles  which  are  outlined  first  (S3. 1 ) 


S  3. 1  -  SYSTEM  DESIGN  PRINCIPLES 

The  choice  and  location  of  sensors  was  governed  by  the  following  sets  of  requirements,  not  a’ways  easy  to  reconcile 

-  the  aircraft  should  be  quickly  convertible  from  flight  test  to  operational  configuration  in  order  to  comply  with  the  standard  air 
base  procedures  used  at  BAl  the  steps  to  perform  this  conversation  should  be  simple  and  not  require  any  special  tooling  ( some 
sensors  and  wiring  are  left  permanently  in  place,  the  DAS  and  other  sensors  are  grouped  in  removable  racks), 

-  the  sensors  are.  as  far  as  possible,  independent  and  non- interacting  with  aircraft  systems  and  have  the  best  possible  location  for 
signal  quality, 

-  the  aircraft  Is  fitted  with  a  r  >mprehen$lve  set  of  standard  instrumentation  (eg  Inertial  Navigation  System,  Doppler  Radar. 
Autopilot,  Weather  radar,  and  soon)  in  order  to  benefit  fully  from  this  equipment,  the  FTI  is  allowed  to  extract  data  from  aircraft 
systems  (eg  INS,  VHF  Nav  System)  but  without  its  operation  -  this  is  done  by  using  pick-ups  which  cannot  corrupt  existing 
signals, 

-  the  instrumentation  system  is  modular  and  allows  installation  of  new  sensors  and  the  disconnection  of  existing  ones  with  a 
minimum  of  reconfl^jratlon  this  is  done  by  laying  the  wires  through  the  aircraft,  ending  by  standard  circular  MIL  connectors 
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( gathered  in  connector  panels)  at  a  few  key  locations  ( in  the  wings  and  at  the  fuselage  nose  and  tail).  These  connect  to  a  major 
panel  under  the  cabin  floor  rasr  ‘.he  location  of  the  DAS  rack  (UDCP),  as  shown  in  Figure  6  -  the  DAS  is  also  designed  for  easy 
reconfiguration  interfaces  also  through  standard  circular  MIL  connectors  and  having  modular  Signal  Conditioning  Units  ( SCU's), 
-‘interference  with  flying  tasks  is  minimized  to  avoid  cockpit  panel  congestion  and  overwork;  the  Pitot  Control  Unit  (PCU),  has 
only  an  amber  light  to  warn  that  the  DAS  is  operating  and  a  switch  to  disconnect  the  whole  system  in  an  emergency,  all  other 
switches,  panels  and  quick  look  facilities  are  located  in  the  main  rack  at  the  system's  operator  position  (Operator  Control  Unit 
(OCU));  control  and  monitoring  capabilities  of  each  crew  member  are  brifly  summarized  in  Table  IV. 

As  an  example  of  the  implementation  of  these  pr  tnclples,  we  outline  the  design  of  the  Air  Data  Boom 

-  the  Air  Data  Boom  (ADB)  carries  windvanes  for  angle- of -attack  and  sideslip,  anda  pitot  tube,  the  latter  can  be  callibrated  using 
a  trailing  cone  sensor  unreeled  from  the  rear  of  the  aircraft, 

-  the  ADB  could  not  be  placed  at  the  nose  (to  avoid  interference  with  the  weather  radar),  nor  at  the  fuselage  side  (because  of 
propeller  slipstream  assymetnes),  nor  at  outer  wing  panels  (due  to  corruption  of  data  by  aeroelastic  effects),  nor  at  the  tail  (due 
to  interference  from  wing/fuselage  boundary  layer  at  high  angles  of  attack) ; 

-  the  location  chosen  for  the  ADB  is  an  emergency  escape  roof  hatch,  just  behind  the  cockpit,  since  the  ADB  is  3,0m  long,  it  is 
braced  by  two  struts  connected  to  the  sides  of  the  fuselage  nose  ( F igure  7) . 

-  the  emergency  hatch  remains  operational  with  the  ADB  boom  on  it ,  because  the  whole  assembly  is  designed  to  tilt  forward  out-of- 
the-way  if  the  roof  hatch  is  opened,  the  roof  hatch  was  origins  My  designed  in  the  standard  aircraft  for  emergency  ex  tt  on  the  ground 
only; 

-  the  aircraft  is  converted  from  the  operational  to  the  flight  test  role  by  replacing  the  standard  roof  hatch  by  the  one  with  ADD  and 
struts:  the  whole  operation  involves  only  one  electrical  connection ,  four  screws  and  two  latches 

-  the  length  of  the  boom  was  dictated  by  the  avoidance  of  resonances  due  to  atmospheric  excitation  and  the  requirement  of  structural 
stiffness  for  the  given  weight  and  distribution  of  sensors;  its  length  is  sufficient  to  give  relatively  undisturbed  air  Jala,  and  no 
significant  reinforcement  of  the  roof  hatch  is  needed. 

-  the  boom  may  be  extended  or  shortened,  by  the  insertion  of  interchangeable  tube  sections,  to  give  lengths  between  2  and  4 
meters,  for  particular  types  of  flight  test  work 


S  3.2  -  SENSORS  AND  INSTALLATION  IN  THE  AIRCRAFT 

The  ADB  is  one  of  the  sensors  packages  on  the  aircraft,  chosen  here  to  illustrate  the  design  principles  indicated  above.  Similar 
principles  were  used,  as  applicable  in  connection  with  other  items,  whosedistribution  around  the  aircraft  is  indicated  in  Figure  8 
Besides  the  ADB  these  include 

-  a  rack  containing  three  rate  gyros  and  three  linear  accelerometers  near  the  C  6  ,  under  the  floor  of  the  cabin ,  the  location  is  near 
to  the  platform  of  the  INS  of  the  aircraft; 

-  two  5ets  of  strain  gauges  (and  charge  amplifiers  In  the  Straingauge  Amplifier  Unit  (SAU)  located  as  near  as  possible  of  the 
gauges)  are  set  up  in  the  engine  mountings,  whose  8-bar  configuration  (Figure  9)  lends  itself  to  the  measurement  of  forces  and 
torques,  this  would  allow  the  in-flight  measurement  of  thrust,  provided  certain  corrections  (e  g.  nacelle  drag)  are  made, 

-  the  stick  forces  are  measured  by  a  dummy  stick  with  strain  gauges  on  the  test  position  (starboard)  to  measure  elevator  and 
aileron  forces  and  strain  gauges  in  the  test  pilot  rudder  path  to  measure  the  rudder  force  (Figure  1 0)-  the  pilots  find  it  acceptable 
to  use  even  for  take-off  and  landing,  with  the  safety  pilot  retaining  the  unmodified  control  column  and  rudder  pedals , 

-  the  position  of  the  control  surfaces  (left  and  right  ailerons,  rudder  and  elevator),  are  measured  by  synchros,  connected  by 
frangible  couplings  to  actuation  rods; 

-  navigation  and  flight  path  data  is  extracted  from  the  VHF  Nav.  System  (V0R/1LS),  INS,  Radio  Altimeter,  Flight  Director  and 
Autopilot, 

-  the  pr  opulsion  data  is  extracted  from  the  aircraft's  instrumentation 

The  wiring  from  the  sensors  is  collected  in  the  four  connector  panels  and  make  use  of  the  test  wires  which  are  ended  by 
standard  circular  MIL  connectors  (receptacles)  in  a  connector  panel  under  the  cabin  floor  (UDCP  I ),  near  the  DAS  rack  location,  a 
separate  connector  panel,  (UDCP2),  is  used  to  route  the  data  extracted  from  the  aircraft  propulsion  and  navigation  systems,  whose 
wires  also  end  in  standard  circular  MIL  connectors,  some  sensors,  such  as  the  ADB.  the  trailing  cone  and  the  C.G  rack  do  not  use 
the  test  wires  but  have  their  own  receptacles,  this  means  each  parameter  has  a  specific  connecter  which  allows  the  easy  connection 
of  new  sensors  and  disconnection  of  existing  ones  by  simply  wiring  the  correspondent  connector  of  the  UDCP  I  /UDCP?/ transducer 
to  the  DAS  input  connector ,  using  standard  wires  ended  by  two  plugs 

The  navigation,  propulsion,  strain  gauge,  gontrol  and  air  data  sets  add  up  to  a  list  ot  65  parameters  currently  measured,  whose 
ranges  are  indicated  in  Table  V.  While  the  number  of  parameters  is  modest  by  modern  standards,  »t  does  comes  from  a  variety  of 
sour ces,  has  a  relatively  high  sampling  rate  ( 1 39Hz)  and  exploits  most  of  the  available  data  recording  capability 


S  3.3  -  THE  DATA  AGUfSfi  ION  SVSTEM  (DAS) 

The  data  aquisit  ion  system  interfaces  withal!  the  sensors  indicated  in  S3  2  .and  its  block  diagram  is  shown  in  Figure  \  1  it  is 
a  set  of  units  grouped  in  a  stand-alone  removable  rack,  in  the  port  side  of  the  fuselage  cabin  These  units  perform  the  tasks  oi 
?'gnal  conditioning,  sampling,  codinqand  data  storage  for  off- line  data  analysis  The  DAS  layout  is  shown  in  Figure  12 

The  rack  is  surmounted  by  a  large  patch  pane),  the  Main  Rack  Connector  Panel  (MRCP)  with  several  MU  circular  connectors 
through  which  individual  sensors  can  be  pluged  in  and  control  signals  are  fed  to  the  DAS  The  signal  conditioning  functions  are 
Performed  by  Signal  Conditioning  Units  (XU) ,  SCU2  and  SCU3)  and  a  Synchro- Digital  Converter  Unit  (SDO'i  The  actual  DAS 
system  input  capabilities  are  despicted  in  Table  VI  The  conditioning  units  output  is  wired  directly  to  a  Northrop  Data  Acquisition 
System  (NDAS),  constituted  by  two  units,  a  Pulse  Code  Modulator  (PCM)  and  a  Diqita!  Control  Unit  (DCU)  -  this  system  samples, 
at  a  fixed  rate  of  aprox  139Hz,  up  to  72  analog  USVdc)  signals  with  iO-b‘  .  esolution  or  up  to  8  digital  20-bil  signals  (see 
Table  vil) 

The  output  data  stream  is  a  parallel  10- bit,  NRZ-L  code.  PCM  10  format  plus  a  frame  sync  and  a  serial  time  history  signal 
which  is  re-coded  to  NRZ-M  prior  to  recording  in  a  1 6- track  Kmelogic  Mode!  YE  tape  recorder ,  whose  specifications  appear  in 
Table  VIII  Power  for  the  equipment  is  supplied  from  the  aircraft's  *-28Vdc  secondary  (non-essential)  bus  inverter, 
transformers,  rectifiers  and  fuses/circuit  breakers  are  located  in  the  Power  Distribution  Unit  (PDU)  and  fullfill  the  power 
requirements  described  in  table  II 

the  major  part  of  the  DAS  was  used  by  NLR  for  flight  test  work  on  the  Dutch  Air  Force  NF-5  Freedom  Fighter  prior  to  being 
offered  to  Portugal  The  documentation  prepared  by  NLR  for  this  program  is  very  comprehensive  and  allowed  the  staff  on  the 


project  to  familiarize  themselves  with  the  system  without  difficulty.  Most  of  the  sensors  offered  by  the  NLR  were  used  in  the 
Fokker  F-27  Friendship  and  F-29  fellowship  civil  certification  prior  to  transfer  to  Portugal.  The  NLR  also  offered  two  sets  of  a 
quick-look  ground  system  (figure  13  and  14)  which  allows  the  plotting  of  8  recorded  channels  at  a  time.  One  ot  the  follow-on 
tasks  of  the  programme  will  be  to  develop  an  Interface  to  feed  all  72  channels  of  information  on  a  standard  digital  computer  for 
further  analysis. 

Although  the  present  instrumentation  system  Is  intended  to  give  nc  more  than  a  basic  right  test  capability,  we  found  it 
requires  over  470  connectors,  3  km  of  cable,  1000  pages  of  manuals,  3000  man-hours  of  design  ana  development  work  and 
4000  man-hours  of  installation  work 


PART  il  -  FUNDAMENTAL  AND  APPLIED  RESEARCH  PROJECTS 

it  is  intended  that  the  flight  test  capability  demonstrated  with  the  Aviocar  aircraft  will  be  applied  to  the  validation  of  special 
equipment  pods  for  fighters  operated  by  the  FAP  The  FTl  for  these  would  consist  of  a  smaller  number  of  sersors  with  a  data 
aquisition  system  packed  into  a  smaller  volume,  by  comparison  with  the  Aviocar  Two  distinct  pod  development  programmes  are 
under  way,  but  it  would  be  premature  to  go  into  detail  about  these  programmes,  instead,  we  will  outline  the  application  of  the  basic 
flight  test  capability  to  projects  of  fundamental  research  in  flight  mechanics,  one  concerned  with  (S4)  a  seventy  scale  for  flight 
disturbances,  and  the  second  a  (S5)  non-linear  model  of  pitch  stability 


S  4  -  A  SEVERITY  SCALE  FOR  FLIGHT  DISTURBANCES 

When  an  aircraft  encounters  an  atmospheric  disturbance  several  flight  parameters,  eg.,  ground  or  airspeed,  angle-of-attack 
(AoA),  and  vertical  acceleration,  change  in  an  interested  way.  There  is  some  interest  in  introducing  a  single  parameter,  called  the 
disturbance  intensity",  which  can  be  calculated  from  flight  data,  and  indicates  the  severity  of  the  perturbation  induced  by  the 
atmosphere 


S  4. 1  -  AERODYNAMIC  DEFINITION  OF  DISTURBANCE  INTENSITY 

The  simplest  definition  of  disturbance  intensity  G  would  be  the  relative  lift  change  for  flight  in  a  still  air  i  and  in  a  perturbed 
atmosphere 


The  lift  msti'l  air  i$  given  by 

L  =  J  p  U2  $  CU«)  .  (2) 

wnere  p  is  trie  mass  density,  S  me  reference  area,  U  me  groundspeed  (coincident  with  the  airsoeed  In  still  air )  and  Cl  the  lift 
coefficient,  which  is  a  linear  function  otAoh#  away  from  the  stall;  the  lift  in  a  longitudinal  u  and  transverse  w  wind  is 

l*  -  '2  P  {(u-uf  *  w‘l  S  CL(«*arctan{jj^))  .  (3) 

where  the  term  m  me  nrst  curly  tjrackets  is  the  airspeed  squared  and  the  second  curly  brackets  is  the  slope  of  the  airspeed 
relative  to  the  groundspeed  The  disturbance  intensity  is  given  by 


,  ?  »arc  tan  (~)l 

G  -  ((  I  *u/U)  *  tw/U)  } - -  ,  .  r-  '  .  (4) 

Ci_(aJ 

for  aroitrary  wind  speeds,  horizontal  u  and  vertical  w 

if  the  wind  speed  does  not  exceed  about  30*  of  the  groundspeed  (u,  w,  s  0  3U.  which  is  the  case  of  moderate  winds  (uw.  u?. 
w‘  •  U* ).  toe  hft  change  can  be  obtained  by  differentiating  ( 2) 

JL  =  p  3  Cl  ( ®  >  U  dU  ♦  ^  p  U^  S  da  .  ( 5 ) 


with  the  following  interpretation- 
-f«)dL  =!_*-:  is  the  lift  change, 
ii)  dU  =  u  is  the  change  in  airspeed,  re  ,  the  longitudinal  wind, 

rt)  the  lif*  slope  dCL/d*  =  aw^/ from  the  stall,  the  ratio  of  lift -coefficient  Cl  to  the  effective  AoA.  «eff  =  «-«o. 

which  is  thb  difference  between  the  AoA  a  and  the  angle  »o  of  zero  lift . 

-( ivJ  the  incidence  change  =  darctan{w/U*u)}  a  w/U,  is  due  to  the  vertical  wind  fhe  lift  change 

l*- L  =  p  S  CL  U  u  *  1  p  U  S  Cl  —  ,  (6) 

z  « -»o 

divided  bv '  2  V  specifies  the  disturbance  intensity 

r’  =  2  “  *  - r — - r  (  71 

U  ’ 

for  morjerate  winds  For  example.  for  an  aircraft  landing  at  a  groundspeed  U  =  60m/s  at  an  effective  At*«-«o  =  '0‘  (eg,  AoA 
a  =  7*  and  angle  of  zero  lift  «0-' 5*),  and  encounter  mg  a  ■!  s  -5m /$  tail  wind  and  a  w  =  -  2m /$  downflow,  the  disturbance  intensity 


is 0  =  0  36 .  i  e  ,  there  is  a  3658  lift  loss.  A  negative  disturbance  intensity  corresponds  to  a  lift  loss,  due  to  a  downflow  w<0  or 
uncompensated  tailnind  uvC,  a  positive  disturbance  intensity  corresponds  to  a  gain  in  lift,  due  to  an  upflow  w>0  or  an 
uncompensated  headwind  u>0. 

it  is  possible  to  introduce  two  critical  values  of  the  disturbance  intensity,  viz..  the  lift  losses  which  would  cause  an  aircraft  to 
stall  at  take-off  speed  (Gj)  and  at  approach  spped  to  land  (62)  Let  vsbe  the  stalling  of  an  aircraft 

Vs  =  n/2w  '  P  S  Cl™  .  (8) 

where  the  weight  coincides  with  lift  W  =  L  in  straight  and  level  flight  A  change  in  maximum  achievable  lift  affects  the  stalling 
speed 


vS 


(9) 


where  the  definition  of  didturbance  intensity  ( l)  was  used.  The  stalling  speed  is  increased  to  unstick  speed  at  take-off 
v$=  V2  =  I  ivs.  for  a  disturbance  intensity  Gi  satisfying  VT+gT  =  yj  .  >-Q- .  Gi=-0  18,  the  stalling  speed  is  increased  to  the 

approach  speed  for  landing  V$»Vi  *  1.3VSl  for  a  disturbance  intensity  62  satisfying  Vi  +02  =  .  i.e. ,  G2--0.42  The  critical 

disturbance  intensities  Gi  =-0.18  andG2=-0  42  represent  atmospheric  disturbances  which,  if  uncompensated,  would  cause  an 
aircraft  to  stall  respectively  on  take-off  and  lading. 


S  4.2  -  FLIGHT  PERFORMANCE  IN  PERTURBED  ATMOSPHERES 

The  disturbance  intensity,  which  was  defined  in  terms  of  aircraft  aerodynamics  ( 1 ),  (4)  and  (7),  can  be  ^elated  to  flight 
mechanics  (9).  in  several  ways.  Consider  an  aircraft  flying  straight  and  level  in  still  air,  for  which  weight  equals  lift 

m  g  =  \  P  s  U2  Cl(«).  ( 10) 

if  the  aircraft  encounters  a  disturbance  of  intensity  G,  the  groundspeed  changes  from  U  to  U* ,  the  AoA  from  •  to  &a .  and  there  may 
be  a  vertical  acceleration  A 

m  (g»A)  =  i  p  S  U2  C*(«*a«).  (II) 


where  the  lift  coefficient  is  affected  both  by  the  disturbance  intensity  G  and  change  of  incidence : 

■  (1*8)  C(.(«*A.)  -  (1*8)  ( 12) 

Substituing  ( 12)  Into  ( 1 1 )  and  dividing  by  ( 10)  we  obtain  the  formulas  for  the  disturbance  intensity 

l*J-(Wtl*(^j}(l*G).  (13) 

fcr  perturbations  or  straight  and  level  flight,  involving  simultaneously  changes  in  groundspeed  U  to  Uo,  AoA  and  vertical 

acceleration  a 

The  formula  ( 13)  nas  simple  interpretation  in  the  cases  where  only  one  flight  parameter  changes  at  a  time: 

-( a)  if  the  aircraft  flies  through  the  disturbance  at  constant  groundspeed  Uo=U  and  constant  AoA  a*  =  0,  then  it  evr,or*ences  a 
vertical  acceleration 

Un  =  IJ.  &«  =  0  A  =  Gg  ,  (14) 

whose  value  ’n  g's  is  the  disturbance  intensity  G.  this  could  be  used  to  define  the  disturbance  intensity. 

-( b)  if  the  aircraft  flies  through  the  disturbance  at  constant  AoA  *a=0  and  without  vertical  acceleration  A  =  0,  there  is  a  change 

in  grounrknpfx} 


Uo  =  777g'  (,5) 

ie  a  decrease  in  groundspeed  Uq'U  for  positive  disturbance  G>0  which  increase  lift,  and  an  increase  in  groundspeed  Uo>0  is  needed 
to  compensate  a  negative  disturbance  G<0  which  decreases  lift,  the  formula  ( 15)  is  the  same  as  for  the  stalling  speed  (9),  and  is 
plotti*.  .n  Figure  15, 

-\  c)  if  the  aircraft  flies  through  the  disturbance  at  constant  g,  oundspeed  Uo=U  without  vertical  acceleration  A>0,  the  AoA  changes 
Uo=U.  A=0  a*  =  (a-»o)  {770"’^  =  "6  (•-•0).  (16) 


•he  change  is  proportional  t  the  initial  effective  AoA,  and  to  the  dislur  bance  intensity,  as  shown  in  Figure  16,  but  with  minus  sign, 
e  g  a  negative  disturbance  c  0  or  lift  loss  requires  higher  AcA  a«>0  for  compensation 


w*=w  R*  =  R(WG),  V*  =  V  (  I  +G), 

tne  radius  and  tangential  velocity  are  given  by  ( 27a,D) 
The  three  casees  ( I.  II.  Ill)  are  plotted  in  Figure  19. 


( 27a.b) 


-in 


if  an  atmospheric  perturbation  affects  a  region  of  airspace  through  which  the  aircraft  flies,  it  can  deform  its  flight  path  As  a 
simple  example  consider  an  aircraft  performing  a  turn,  in  the  presence  of  a  wind  of  constant  direction.  The  track  angle  %  between 
the  flight  path  and  wind  changes  the  disturbance  intensity  (6  cos  x)  between  ±6.  and  the  circular  turn  is  transformed  into 

-(a)  a  down  wind  oval  of  equation 

R( X)  *  r  ( 1  +Gcosx),  (28) 

if  the  turn  is  performed  ( 27a)  at  constant  rate  and  bank . 

-(b)  an  upwind  oval  of  equation 

R(X)  =  r  ( l+Gcosx).  (29) 

if  the  turn  is  taken  ( 25a)  at  constant  tangential  velocity  and  bank  angle. 

The  ova  I  jzed  flight  path  are  drawn,  in  Figure  20,  for  the  two  cases,  in  comparison  with  the  circle  R(*)  =  r  in  still  air,  for  two 
non-zero  values  of  the  disturbance  intensity. 

We  have  indicated  I..*  disturbance  intensity  is  defined  [  1  j  ana  calculated  in  various  flight  conditions  (2J ,  we  intend  to  use 
flight  test  data  from  our  aircraft  to  assess  whether 

-  the  disturbance  intensity  varies  more  slowly  than  other  flight  parameters,  eg  ,  groundspeed,  AoA  .  vertical  acceleration 
changes  are  related  so  as  to  case  a  smooth  or  slow  evolution  of  disturbance  intensity, 

-  the  disturbance  intensity  can  be  related  to  subjective  assessments  of  "ride  contort",  or  to  the  ability  to  perform  certain  tasks  on 
board,  such  as  "reading",  precise  hand  movements,  etc. 

This  research  complements  other  work  on  aircraft  flight  m  perturbed  atmospheres,  for  which  some  references  can  be  found  in 
the  review  paper  (3). 


S  5  -  A  NON-LINEAR  MODEL  OF  PITCH  STABILITY 

The  preceding  account  (S4)  on  flight  mechanics  in  perturbed  atmospheres  is  concerned  with  conparisons  of  performance  [4] 
with  the  case  of  still  air  It  is  not  a  substitute  for  a  response  calculation  [5] ,  which  is  necessary  to  calculate  flight  path  changes 
{6]  due  to  atmospheric  disturbances  like  windshears  [7]  The  excitation  of  the  phugoid  (and  short  period)  mode  can  be  due  either 
to  atmospheric  disturbances  (8)  perturbing  an  aircraft  in  stead/  flight,  or  to  [9]  initial  conditions  away  fom  equilibrium  We  will 
consider  a  problem  in  the  latter  class  ( 10,1 1 .12] ,  i.e.  the  determination  of  the  pitch  control  law  which  compensates  the  phugoid 
motion  due  to  initial  conditions  far  away  from  equilibrium 


S5. 1  -  EXACT  COMPENSATION  OF  THE  PHUOOID  MODE 

Consider  an  aircraft  in  straight  and  level  flight,  which  starts  a  dive.  The  reason  may  be  to  track  a  target  of  opportunity,  or  to 
land  in  a  clearing  in  an  emergency  The  dive  is  started  at  an  initial  velxity  which  is  generally  distinct,  and  may  be  far  removed, 
from  the  stead/  flight  speeds  If  the  stick  is  kept  fixed  the  aircraft  will  start  a  phugoid  motion  [13,14].  In  order  to  compensate 
completely  the  phugoid  mode,  and  keep  the  aircraft  on  a  constant  glide  slope,  the  pitch  control  has  to  be  used  appropriately  Our 
aim  is  to  determine  the  AoA  schedule  (or  groundspeed  schedule)  as  a  function  of  distance  (or  time)  so  as  to  cancel  exactly  the 
phugoid  more.  In  practice  it  would  be  necessary  to  cancel  the  short-period  mode  [  15]  too,  in  order  to  keep  on  a  constant  glide 
slope  In  the  present  work  we  omit  the  short-period  mode,  by  neglecting  the  rotational  inertia  of  the  aircraft  Thus  we  are  solving 
an  inverse  phugoid  problem",  of  exact  cancellation  of  the  phugoid  mode 

The  problem  of  compensation  of  the  phugoid  mote  is  expressed  by  three  equations  stating  that 
-( t)  lift  balances  the  component  of  weight  transverse  to  the  flight  path  of  inclination y  (Figure  21 ) 

W  cos-y  =  l  =  ^  (  U2  Old),  (30) 

where  the  incidence  8  is  defined  As  the  difference  between  the  AoA  «  end  the  angle  of  zero  lift**, 

-(it)  since  the  rotational  inertia  of  the  aircraft  is  neglected,  it  is  possible  to  achieve  instantaneously  any  combination  of  speed  U 
(instill  airland  incidence*  (defined  above),  consistent  with  constant  lift 

U2  Cl(8)  -const  -  cosy  U2  Cl(«o).  (31) 


where  the  constant  in  ( 3 1 )  is  evaluated  for  the  same  aircraft  in  level  flight , 

-( iii)  the  balance  of  forces  along  the  flight  path,  including  inertia,  weight,  drag  and  thrust  leads  to 

(W/g)  ^--W  slny  *T  -  D,  (32) 

it  being  assumed,  both  in  (30)  and  (32),  that  the  thrust  axis  coincides  with  the  drag  axis  Elim  neting  between  (30-32)  a  single 
differential  equation  for  the  speed  Is  obtained 

Inorder  tooOtaln  tt  explicitly  we  need  an  aircraft  model,  le  lift,  thrust  and  drag  tews  The  drag  is  given  by  an  expression 
similar  to  lift  (30) : 

0  =  j  r-  S  U2  Cod),  (33) 


where  the  dreg  coefficient  in  sub-scr  ic  flight  1$  the  sum  of  three  components 


Cod)  -  CDf  •  k  (CL(*)}2  ♦ 


(34) 


ACi.(»). 


:h-i  i 


namely 

-( i )  the  form  drag  coefficient  Cpf ,  due  to  ski n  friction, 

-( it)  the  induced  drag,  proportional  to  the  square  of  lift  coefficient,  through  the  constant  k , 

-(in)  the  term  linear  on  the  lift  coefficient  accounts  for  a  non~sym metric  lift — drag  polar  The  expressions  ( 34)  implies  that 
the  drag— to— lift  ratio  is  given  by : 

L  =  =  C[U)  *  X  *kCL(,)'  (35i 

which  may  be  expressed  in  terms  of  speed  using  ( 3 ! ) 

fcftf  *  C^T  (U/Uo)2  +  ^cosy  +  k  Cl(«o>  cos2y  (U/Uo)2  (36) 

We  complete  the  aircraft  model  by  assuming  that  the  dependence  of  thrust  on  speed  ts  similar  to  (36),  viz 

^  «fO  -  f|U2  -  f2/U2.  (37) 

where  (he  coefficients  fo .  f  1 .  (2  ore  ail  constant. 

8S.2  -  CALCULATION  OF  SPEED  AND  INCIDENCE  SCHEDULE 

The  "Inverse  ohugold  problem"  (30-32)  for  the  aircraft  model(35-37)  can  be  reduced  to  the  solution  of  a  single  non- linear 
differential  equation  for  speed,  which  is  obtained  as  follows:  dividing  ( 32)  by  the  weight  and  using  ( 30)  we  obtain 

g"1  ^  «  -siny*  ^  -cscy  jjj*.  (38) 

where  we  may  substitute  ( 36 )  and  ( 37) : 

g-'l1  •  F(U)  ■  a-bU2-o/U2,  (39) 

where  the  coefficients  in  F(  U)  are  given  by 

aifo-siny-XcosY,  (40a) 

6,f'*C&Uo’  <‘,0b) 

C«f2  *  KCl(«0)  U‘cos2y  (40c) 

Before  we  proceed  fo  the  response  problem,  it  ts  worth  while  to  consider  the  C8se  of  steady  flight  Steady  flight  corresponds  to  jero 
acceleration^  =0,  and  is  possible  only  for  speeds  Ut  which  are  roots  of  (39) 

0=  F(Ut)  -  aU  -W.  ■  -  -c  »  -  (c/U2)  (U2-uh  (U2-U2?  ,  (41) 

U 

i  e.  there  are  two  steady  flight  speeds  ( F l$ure  22)  for  which  drag  is  balanced  by  thrust  and  weight  component  along  the  flight  path 
The  stead/  flight  speeds  are  the  roots  of  the  bi-quadratil  expression  in  curly  brackets  in  (41 ) 

2  aiWMtt 

V- - 2b - ■ 

the  steady  flight  is  possible  only  if 


4  *  a2  -4bc  i  0 

The  case  i  =  0  corresponds  to  the  minimum  drag  speed 


it2  _a_  _  J.  2  fg  -  siny  -  %  cosy 
md  2b  '  2  2  CPI  ' 

,2  uo  ■ 


the  minimum  thrust  required  to  sustain  steacfy  flight  is  given  by  the  condition  *  =  0,  vie 

f i  =  0  =  (2  fo  =  a  >  2Vbc  =  2  cosy  Vk  Cpf  ( 45) 

From  ( 42)  and  f  44)  it  follows  that  square  of  the  minimum  drag  speed  is  the  arithmet-c  mean  cf  the  squares  of  the  stead/  flight 
speeds 
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U 


2 

md 


u2)  . 


(46) 


this  implies  that  the  upper  steacty  flight  speed  cannot  exceed  the  minimum  drag  speed  u+  <  V2  by  more  than  4 1  %  =  V2  -  I 

If  the  initial  dive  velocity  Uo  happens  to  be  to  one  of  fhe  steady  flight  speeds  ( Uo-U+  or  Uo*U-  >  the  aircraft  will  remain  at  that 
velocity,  provided  it  be  staple.  To  asses  stability  we  consider  a  speed  distinct  frcrn  the  steady  values,  snd  check  the  sign  of  the 
acceleration  1 39.41 ) 

^  *  -icg/U2)iu2-U2)(U2-U2).  (47) 


t  is  oositwe  between  the  steady  flight  and  negative  outside 
U-<U<U*  U>U 
O  ¥-0 


case 

acceleration 


U<U- 
dtJ 
dt ' 


Sf«°- 


( 48) 


as  illustrated  in  figure  23.  from  which  it  is  clear  that 

-(')  the  upper  steady  flight  op***!  is  stable,  since  an  aircraft  at  a  higher  (lower)  speed  will  decelerate  (accelerate)  towards  U*. 
-i  n )  the  lower  steady  flight  speed  is  unstable,  si  nee  an  aircraft  at  a  lower  ( higher)  speed  will  decelerate  (accelerate)  away  from 
it  if  the  initial  velocity  is  far  removed  from  »he  upper  steady  flight  speed  we  have  a  non-linear  stability  problem,  if  the  initial 
ve’oedy  »s  close  to  the  lower  steady  flight  speed  then  the  instability  may  grow  into  a  non- linear  regime 


S  5.3  -  STABILITY  CURVES  FOR  CONVERGENCE  AND  DIVERGENCE 


In  order  to  obtain  the  stability  or  instability  curves  we  have  to  integrate  the  equation  of  motion,  eg  .  for  velocity  u  as  a 
function  of  distance  ?  along  the  flight  path 


dU  JU  £  dU 
dt  "  d?  dt  '  L  d? 


(49) 


substi’-jmg  ( 49)  into  ( 47)  we  have 


t)(U2) 

t 


PH  ">  ° 

-5T(  u‘  -u.)(  u 

(J 


(T). 


which  rr.a'/  be  ’f.teqi  ated  using  the  change  of  var  lable  ?  *  U‘ 


,2 


■:c9=  /V 

Uo 


JL 


—  0! 


(5-IT)  ({-Up 


— r -  [if2  log({-u.)  -  U2  log  1{-U-)2]  12 

(u;-u*i 


(51! 


w?  introduce  the  lengtnscale 


1Jo  /29 


A  m  z— 
zbg 


,,  n2  .  -02L 
2  uo  CL(e0) 


(52! 


and  me  distance  along  trie  (liym  yato  {,  when  divided  by  the  lengthscale,  is  given  as  a  function  o(  velocity  by 


o  9 

u(?r  -  u* 

u;/<u;*u2) 

r  2  2  “i 

u0  -  u: 

-?/A  _ 

e  *  = 

2  2 
«o  - 

2  7 

u(?)  -  ir 

u2/(uj*u2) 


(53) 


where  5\?J  is  the  speed  at  distance  5,  U0  a  u(0)  is  the  initial  speed,  and  the  steady  fiign-  speeds  t^  appear  as  parameters  The 
expression  (53)  is  highly  non -linear,  and  involves  dimensionless  ratios  of  speeds.  4  is  not  possible  to  write  speed  U(?)  as  a 
function  of  distance?,  but  the  inverse  form  ?(U)  in  ( 53)  can  be  used  to  plot  the  curves  in  Figure  24 

The  expression  (53)  can  be  linearized  if  the  speed  does  not  differ  much  from  the  initial  values 

[u(i)2-u2]2«  [u2-U2]2.  (54) 

:r  Ah*ch  case ' 53)  simplifies  to 


L. 
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(55) 


which  can  be  inverted  to  give  speed  as  a  function  of  distance  ■ 


in  the  linear  case  the  stability  curves  are  exponentials  with  the  lengthscsle  1  given  by  (52),  this  result  could  be  obtained  by  the 
standard  methods  (121  of  iaplace  transform  and  linear  stability  derivatives  It  applies  only  for  small  disturbances.  For  large 
disturbances  the  curves  (53)  are  not  exponentials,  as  can  be  seen  in  figure  2d 

in  Figure  2d  we  plot  the  speed  normalized  to  the  minimum  drag  speed  (57a) 


v,W51 

Umd  ' 


(57a.b) 


vei  sus  distance  normalized  to  the  lenghtscale  (57b)  we  consider  an  aircraft  whose  stable  steady  flight  speed  lies  30 %  above  the 
minimum  drag  speed  (58a) : 


(58a,b) 


implying  by  <  46 )  that  the  unstable  steady  speed  lies  44$  below  (58b)  If  the  initial  speed  equals  one  of  Ihe  steady  (light  speeds 
the  aircraft  flies  steadily  at  that  speed  on  a  constant  glide  slope  (horizontal  lines  V=  vt).  If  the  initial  velocity  lies  above  the 
upper  steady- flight  speed  V0>V*.  in  order  to  keep  a  constant  glide  slope,  the  aircraft  must  deccelerate  towards  V*  along  the  curves 
shown  Between  the  steady  flight  speeds  V-<  V  <  V» ,  the  aircraft  accelerates  towards  the  upper  steady  speed  V*  which  is  stable 
there  is  an  inflexion  in  Ihe  stability  curve  at  the  minimum  drag  speed  v=  l ,  if  the  initial  velocity  is  smaller  Vo<  I .  Below  the  lower 
steady  speed  there  is  a  strong  instability,  i  e. .  rapid  speed  toss  towards  the  stall 


The  theoretical  stability  (and  instability)  curves  can  be  plotted  for  speed  or  incidence  as  a  function  of  distance  or  time,  and 
compared  with  data  recorded  in  flight  ata  given  initial  velocity  along  a  given  constant  glide  slope,  to 

-  check  whether  averaging  over  a  time  scale  larger  than  the  short  period  mots,  lens  to  experimental  curves  consistent  with  the 
theoretical  prediction, 

-  subtracting  the  phugoid  compensation  curve  from  flight  data,  the  short  period  mode  is  isolated. 

it  the  latter  is  of  small  amplitude,  it  could  be  included  as  a  linear  perturbation  of  the  present,  non-linear  theory 


S  6  -  CONCLUSIONS 

Tne  program  to  give  Portugal  a  flight  test  capability  should  reach  within  a  few  months  its  major  milestone  the  first  flight  of 
tne  instrumented  Aviocar  aircratt.  it  is  possible  to  draw,  on  the  Oasis  of  experience  to  date,  the  following  four  conclusions 

-  theAGAPD  support  program  to  the  NATO  southern  flank  nations  can  be  effectively  used  to  improve  their  technological  capability 
in  me  aerospace  neld;  its  success  depends  on  a  strong  commitment  by  the  supporting  nations,  as  was  the  case  in  the  present 
program  with  the  Netherlands  through  the  NLR  and  Germany  through!  the  TU-BS, 

-  i\  me  national  level  there  must  be  close  cooperation  between  developers  and  the  users,  in  the  present  case  the  FAP  and  UTL,  once 
this  cooperation  is  established  in  one  program,  eg  ftighi  testing,  it  tends  to  spread  toother  fields  (  i  e  electronics,  structures) 

-  the  program  should  provide  an  independent  and  self-supporting  capability  in  the  supported  nation,  which  It  can  develop  further 
'o  suit  ns  own  needs,  the  basic  flight  test  capability  gained  in  Portugal  with  the  Aviocar  aircraft  may  be  extended  to  the 
gualnica'ion  of  special  equipment  tn  high-performance  aircraft, 

-  me  pr  af  teal  woi  k  on  aircraft  should  be  complemented  by  scientific  modeling,  to  give  a  balanced  capability  to  up-date  knowledge 
and  experience,  in  the  present  case,  tne  instrumented  aircraft  will  be  used  in  connection  with  fundamental  and  applied  research 
projects  for  whtch  it  is  well  suited 

The  present  program  has  focused  scientific  and  technological  capabilities  in  Portugal  to  research  and  deve.opment  in  the 
aeronautical  Held  We  nope  that  the  international  cooperation  which  made  this  program  possible  may  continue  to  support  its 
further  development  and  applications,  at  a  national,  multilateral  and  NATO  level 
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TABLE  I  -  specification  equipment  shipped  to  Portugal 


External 

wing  span 

19.00  m 

(62ft  4in) 

Dimensions 

lenght  overall 

15.20  m 

(49  ft  10  1/2  in) 

height  overall 

20ft  8  in 

(6.30  m) 

cabin  (between  flight  deck  and  rear-loading  door) 


(16ft  4  3/4in) 
(6  ft  61 /2  in) 
(5 ft  7 tn> 

( 6 1 8  cu  ft) 


max  payload 
max  T.O.  weight 
weight  emptg 


max  navar-axcaad  speed  (EAS) 
max  c  using  speed  at 
12,000ft  (3,660m) 
stalling  spaed,  (laps  down 
service  ceili  ng 
TO  run 
landing  run 

range  at  12,000  ft  (3,660  m) 

with  max  fuel  and 

2,303  lb  (1045  kg)  payload 


2000  kg 
6300  kg 
3905  kg 

(4,410  lb) 

(13,6891b) 

(0,6091b) 

240  knots 

(276  mph  or  445  km/h) 

1 94  knots 

(223  mph  or  359  km/h) 

62  knots 

(112  mph  or  1 16  km/b) 

26.700  ft 

(8,140  m) 

350  m 

(1148  ft) 

207  m 

(679ft) 

949  mm 

(298  miles  or  480  km) 

TABLE  III  -  bar  chert  of  mejor  tasks 
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control 

monitoring 

pilot 

-moln  ovltch 

-roc.  on 

-test  number  (RC) 

operitor 

-roe. on/off sv. 
-run  counter  (fiC) 

-power  supply 
-rec.  on 

laSBTfillB0 

-monitoring  of  the  recorded 
volueof  engof  2chenne1e 

TABLE  IV  -  Control  and  monitoring capabilities  of  each  crew  member 


Cotooori 

M 

Piroaotor 

Ccd« 

Bum 

General 

01 

02 

8 

test  stall 
time  best  1 
time  base  2 
run  ocuner 

T8 

TB1 

W 

1/99 

Air  Data 

09 

06 

82 

(lifer  entlal  pressure 
static  pressure 

TO 

P$ 

Rr 

0/10  kf* 

30/10S  kP« 

Configuration 

09 

10 

around/fHght  switch 
wing  flap  poirttta 

OFS 

DF 

on/off 

0/45  deg 

Control 

11 

12 

13 

it 

16 

17 

18 

» 

21 

22 

§ 

S 

27 

3 

elevator  deflection 

LT  aileron  deflection 

RH  aileron  deflection 
rudder  deflection 
elevator  force 
aileron  foroe 
rudder  strain  A 
rudder  strafe  B 

^assfKft*’ 

reteof  uaw 
aooeleratlon  CX-dir) 

ingle  of  attaok 
ingle  of  side-slip 
ingle  of  pitch 
ingle  of  roll 

IS  valid  signil 

DC 

DAI 

DA2 

F? 

FA 

FR1 

FR2 

IS 

RY 

AX 

% 

AA 

AS 

A P 

& 

-30/ +20  deg 
-20/+20  deg 
-20/+20  deg 

-300/+300  N 

mitto 

-2O/+20  deg/s 
-I/el  g 

-iiVf}.5g 

-35/435  deg 
-35/435  deg 
-90/490  deg 
-90/490  deg 
on /off 

Propulsion 

30 

31 

U 

34 

39 

it 

engine  speed  L 
engine  speed  R 
fuel  flow  L 
fuel  flow  R 

turbine  gis  temper  itire  L 
turbine  gis  temper  iture  R 
torque  pressureL 
torque  pressure  R 

N1 

H2 

(fi 

T0T1 

TOJ2 

m 

0/41730  rpm 
0/41730  rpm 

VMM 

0/930*0 

0/930*0 

im 

Auto-FHtft 

38 

39 

autopilot  engaged 
fight  director  mode 

AE 

FDM 

on /off 

1/5 

Navigation 

40 

41 

42 

43 

It 

46 

47 

48 

49 

true  headfeg 

HDO  valid  stall 
radio  attitude 

RA  valid  signal 

ratssr 

glide  slope  deviation 

OSD  vandsipel 
drift  angle 

OFT  vand  signal 

HDO 

HDOf 

RA 

RAf 

ttBf 

OSD 

OSDf 

DFT 

DFTf 

On/OTT 

0/2500  ft 
on /off 
-90/490  deg 
on/off 
-80  A-00  deg 
on/off 

-18C/+190  deg 
on /off 

Thrust 

90 

51 

% 

54 

58 
96 

82 

59 

60 

61 

8 

64 

65 

A  mount  strain  CL  engine) 

B  mount  strati  Q.  engine) 

C  mount  strain  G.  engfee) 
o  mouit  stritn  fl.  engine) 

E  mount  strain  Q.  engine) 

F  mount  strafe  CL  engine) 

0  mount  strain  CL  engine) 

H  mount  strain  CL  engine) 

A  mount  strain  ®  engine) 

B  mount  strain  CR  engine) 

C  mount  strain  CR  engine) 

D  mouit  strain  CR  engine) 

E  mount  strati  CR  engine) 

F  mount  strafe  CR  engine) 

0  mount  strafe  CR  engine) 

H  mouit  strafe  (R  engine) 

FA1 

FBI 

181 

FE1 

FF1 

FOi 

K 

FB2 

FC2 

FD2 

m 

F02 

FH2 

TABLE  V  -  Parameter  list 


.  L _ 


2H- 1 7 


analog  Inputs 
(IQ  bit  resol utton) 

digital  Inputs 
(20  bit  resolution) 

rfi  of  channels 

Input tgpa 

72 

70 

0 

1 

42 

be  voltage 

66 

2 

3 

Pc  current 

66 

3 

11 

synchro  signal 

64 

4 

3 

frequency 

62 

5 

3 

variable  resistors 

60 

6 

20 

discrete  signals 

58 

7 

3 

digital  inputs  (IS  bit) 

56 

8 

TABLE  Yl-  actual  Date  Acquisition  System 
capabilities 


TABLE  VII  -  maximum  NDAS  Input  channels 
using  the  oerillel  output 


n°  of  tracks 

16 

Input  data  type 

digital 

magnetic  tape 

1.1  MIL  tapes 

1"  vide  end  4600ft  long 

tape  speed 

tSipe 

max  recording  time 

3600 sec  (lb) 

TABLE  VIII  -  Kfnelogfc  Model  VE  tape  recorder  characteristics 


Unit 

rsaauoe 

pover  requirements 

im 

llbVac 

PCM 

DCU 

2A 

2BVdc 

2BVD5 _ 

600m4 
23Qm4 _ 

rec 

54 

7.54 

2.5A 

0.5A 

electronics  (28Ydc45W) 
motor 

vrlte-ampllflers  (55Yfc) 
heating _ 

scut 

14 

tlSVdc 

14 

SCU2 

14 

5v«3c 
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TABLE  IX  -  Rover  requirements  of  each  unit  and  breaker’s  gauges 
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FIGURE  3  -  cooperation  between  Air  Fores  and  University 
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FIGURE  15-  Ratio  of  stalling  speeds  in  the  presence  Vs 
andaoser.se  Vsof  atmospheric  disturoances,  versos 
distueoance  intensity  0,  including  the  critical  intensities 
causing  stall  at  unstick  for  take-off  ( V i0  j )  and  on 
approach  to  land  ( V0G2) 


FIGURE  16  -  Change  in  angle-of-attatk  aa 
versus  disturoance  intensity  G.  for  fixed 
initial  values  of  the  effective  incidence  «e(i 


FIGURE  1 7  -  Statght,  hor ’.cental  flight  in 
atmosoneric  disturbances  ratio  of  velocities 
( V  in  the  presence  and  V  in  the  absence)  versus 
vertical  acceleration  A,  for  fixed  values  of  the 
disturbance  incidence  parameter  p 


FIGURE  18  -  Ratio ot  centripetal  accelerations 
i  in  the  presence  I*  and  in  the  aDsence  I  of 
disturbances),  versus  disturbance  intensity  0. 
for  fixed  values  of  the  bank  angle  parameter  r 
(defined  from  the  angles  of  bank**.*) 


FIGURE  19  -  Effect  of  the  disturbance  intensity  0  on 
a  hor  izontal  turn ,  In  the  cases  where  two  parameters 
are  kept  constant  and  two  parameters  ere  allowed  to 
vary  (l)  ratto  of  tangential  velocities  V*g/Vsand 
instantaneous  turn  rates  w‘/u  at  constant  radius  of 
turn  R  and  bank  argle*.  (II)  ratio  of  tangential  velxtttes 
vVVsand  radii  of  turn  R*/R  at  constant  turn  rateu  and 
bank  angle*;  (III)  ratio  of  radttof  turn  R*/R  and 
Instantaneous  turn  rates«*/<j  at  constant  tangential 
velocities  V  and  bank  angle  f 


FIGURE  20  -  De'ormation  of  the  circular  trajectory, 
corresponding  to  horizontal  turn  in  still  air,  due  to 
atmospheric  disturbances  of  intensity  0=0,25, 0  50, 
in  the  cases  of  ( a)  a  downwind  oval  at  constant 
tangential  velocity  and  bank  angle,  ( b)  an  upwind  at 
constant  turn  rate  and  bank  angle. 
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SUMMARY 

Concept  and  realization  of  a  data  system  for  airborne  research  and  development 
applications  are  presented.  Aspects  of  hardware  architecture  and  software  organisation 
will  be  discussed.  The  system  is  used  for  prototype  testing  and  certification  and  is 
also  layed  out  for  the  operation  of  research  aircraft,  where  sensor  configurations  and 
measuring  instruments  are  varying  frc.jii  one  experiment  to  another. 

All  system  users  have  access  to  a  pool  of  common  sensor-  and  software  ressources. 
Special  hard-  and  software  interfaces  have  been  defined  for  a  simple  integration  of 
individual  sensor  signals  and  computation  algorithms. 

The  system  performs  realtime  processing,  recording,  and  on-line  monitoring  of  sensor 
d'ta.  It  is  the  aim  of  the  system  design  to  enable  the  operator  to  perform  quick  error 
detection  as  well  as  to  optimize  th'  flight  conditions  for  an  experiment. 

Examples  for  flight-mechanical  and  meteorologigal  system  applications  are  given. 


1.  DEMANDS  ON  AIRBORNE  DATA  SYSTEMS  FOR  RESEARCH  AND  DEVELOPMENT 

Airborne  data  acquisition  systems  for  research  aircraft  require  special  attributes 
for  the  execution  of  effective  flight  tests.  The  operation  of  complex  sensor  systems 
under  difficult  measuring  conditions  on  board  an  aircraft  is  rather  expensive.  It 
becomes  more  expensive,  if  flight  tests  are  unsuccessful  because  the  personnel  on  board 
the  aircraft  is  not  informed  about  the  quality  of  the  measurement.  Thus,  the  operators 
should  have  a  good  insight  into  all  sensor  data,  measuring  parameters,  and  flight  con¬ 
ditions.  This  gives  the  chance  to  influence  the  further  operation  and  to  optimize  the 
conditions  of  the  measurement,  but  on  the  other  hand  it  imposes  high  demands  on  the 
capabilities  of  the  on-board  data  system. 

A  scientific  user  or  an  engineer,  who  wants  to  take  the  aircraft-  as  a  sensor  carrier 
for  his  special  purpose,  is  not  necessarily  a  computer  specialist.  The  data  acquisition 
system  is  a  tool,  which  has  to  be  transparent  for  him.  From  the  user’s  point  of  view  it 
is  important  to  be  able 

-  to  have  access  to  the  standard  aircraft  states,  e.g.  position,  flight  level, 
speeds,  attitude  angles,  angular  rates,  accelerations,  flow  angles,  etc. 

-  to  integrate  individual  sensor  equipment  into  the  data  system 

-  to  add  private  on-li ne • computation  algorithms 

-  to  record  user  data  together  with  standard  data  on  the  same 
data  carrier 

-  to  have  a  look  into  sensor  data  and  on-line  computation  results 

-  to  Initiate  and  to  stop  private  sensor  alignment  and  calibration  procedures 

For  the  realization  of  an  equipment  which  fulfills  these  requests,  one  needs  a 
powerful  computer  system,  which  is  flexible  and  modular  in  it’s  hardware  and  software 
components.  The  Jystem  architecture  has  to  be  outlined  in  a  way,  that  its  components 
can  develop  their  performance.  Interfaces  for  additional  hardware  and  software  have  to 
be  provided. 


3.  HARDWARE  CONFIGURATION 

An  important  attribute  for  an  on-board  data  system  is  its  realtime  capability.  It  is 
a  well  known  experience  that  it  is  not  suitable  to  handle  data  acquisition  and  data 
processing  with  the  same  processor.  Even  powerful  CPUs  can't  develop  their  throughput, 
if  they  are  disturbed  by  high  interrupt  rates,  which  are  unavoidable  for  a  continuous 
data  sampling  from  different  signal  sources. 

Therefore  data  acquisition  and  data  processing  should  be  separated  and  executed  from 
different  system  parts  (FIG.1).  The  main  processor  is  freed  from  simple  but  time¬ 
intensive  I/O-operatione  and  reserved  for  complex  numerical  and  monitoring  operations. 
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Both  system  parts  are  working  in  parallel.  Once  per  sampling  period  they  are  exchanging 
I/O-data  arrays. 

The  data  acquisition  system  is  responsible  for  the  signal  conditioning,  sampling, 
conversion  and  synchronisation  of  different  signals.  Data  from  multichannel  serial 
datalinks  like  ARXNC-429-busses  have  to  be  assorted. 

After  this  data  collection  process,  the 
data  preprocessor  puts  the  data  into  an 
array  of  fixed  length  and  structure,  which 
is  transfered  once  per  sampling  interval 
into  the  main  computer  (e.g.  every  20 
milliseconds,  =  50  Hz)  .  Depending  on  the 
physical  distance  between  data  acquisition 
system  and  main  computer,  the  data  transfer 
is  either  performed  as  a  serial  single-line 
PCM-signal  (PCM=Puls  Code  Modulation)  or  by 
a  parallel  data  link. 

PIG.  2  shows  the  hardware  of  a  data 
preprocessor,  which  is  used  in  a  so  called 
METEOPOD.  The  meteopod  is  a  container  moun¬ 
ted  under  the  wing  of  an  aircraft.  It  con¬ 
tains  all  sensors  for  the  determination  of 
wind,  turbulence,  humidity  and  other 
aerological  parameters. 

Realtime  computations  on  the  main  com¬ 
puter  have  to  be  carried  out  within  one 
single  samplimg  period.  This  includes  the 
decoding  and  converting  of  received  data 
into  engineering  units  as  well  as  the 
computation  of  realtime  algorithms,  the 
production  of  other  secondary  data,  and  data 
storage  on  a  computer  compatible  streamer 
tape. 

The  main  computer,  a  ruggedized  airworthy 
Q-Bus  system,  (FIG. 3)  can  be  al ternatively 
equipped  with  a  LSI-11/73  CPU  (1  megabyte  of 
main  memory,  64  kilobytes  of  fast  cache- 
memory)  ,  or  with  a  DEC  microVax  II  (8  or  16 
megabytes  of  main  memory) . 

Both  versions  are  working  with  two  3  1/2"  winchester  drives  (20  megabytes  each) ,  two 
streamer  tapes  (60  megabytes) ,  a  realtime  clock,  and  different  serial  ard  direct  memory 
access-interfaces  (DMA).  Power  is  supplied  directly  from  the  aircraft's  28  Volt  DC  Bus 
or  from  115  Volts  AC,  400Hz. 
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FIG .  1 


Structure  of  the  data 
acquisition  system 


PIG.  2  :  Hardware  of  a  Data  Preprocessor 


PIG.  3:  Hardware  of  a  Main  Computer 
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FIG. 4  shows  the  architecture  of  the  main  computer.  The  conf iguration  can  he  adapted 
according  to  the  expected  roaltime  load,  which  is  approximately  proportional  to  the 
product  of  sampling  rate  and  signal  channel  number.  If  this  product  is  small,  no 
preprocessor  is  required  and  the  signal  converters  are  installed  directly  in  the  main 
computer. 


FIG.  4:  Configurations  of  the  Main  Computer 

For  most  applications,  the  main  computer  does  not  contain  signal  converters  and  the 
preprocessor  is  interconnected  by  a  Direct  Memory  Access  Interface  (DMA). 

If  more  power  for  numerical  operations  is  needed,  a  vectorprocessor  will  be 
installed  in  the  main  computer.  It  relieves  the  Central  processor  from  large  parts  of 
the  realtime  task.  The  vector  processor  itself  is  equipped  with  an  external  I/O-port 
and  replaces  the  DMA  for  the  preprocessor.  It  is  now  directly  communicating  with  the 
preprocessor,  reads  raw  data,  decodes  and  converts  them  into  engineering  units,  and 
feeds  them  by  it*s  own  DMA  logic  into  the  main  computer  memory. 

Console  operation  of  the  computer  is  done  with  high-resolution  plasma- terminals, 
because  they  have  no  cathode-ray-tube ,  which  can  implode,  and  there  is  no  high  voltage, 
which  may  lead  to  problems  at  low  air  density  (e.g.  at  high  altitudes  in  an  unpres¬ 
surized  aircraft) . 

A  few  words  about  hardware  specifications:  A  rather  safe  way  concerning  reliability 
is  the  use  of  mil-specified  components.  They  are  well  suited  for  all  applications, 
where  a  fixed  system  configuration  has  to  be  operated  with  high  reliability  for  a  long 
time.  However,  for  the  present  discussed  application  they  have  several  disadvantages: 
because  of  the  time  and  cost  intensive  certification  procedures  they  are  very  expensive 
and  generally  one  or  two  generations  behind  the  state  of  the  art.  Another  argument 
against  the  use  of  mil-spec-components  for  this  purpose  is  that  most  measurements  for 
R&D  applications  are  not  really  safety  critical. 

On  the  other  nand,  problems  of  commercial  computers  with  environmental  conditions  on 
board  an  aircraft  are  well  known,  especially  those  with  power  supplies,  mechanical 
loaas,  and  electromagnetic  interference.  Thus  it  may  be  expensive  to  use  cheap 
commercial  equipment. 

The  computer  hardware  of  the  presented  system  is  not  mil-specified.  However,  the  in¬ 
tegrated  system  hardware  differs  significantly  from  commercial  computers.  Several 
measures  have  been  undertaken  to  make  the  system  airworthy.  To  ensure  the  electro¬ 
magnetic  compatibility,  power  supplies  are  equipped  with  effective  RF-Filters.  Elec¬ 
trical  connections  between  main-  and  preprocessors  or  serial  I/O-lines  are  isolated  by 
optocouplers .  The  mechanical  construction  is  ruggedized  and  the  main  computer  is 
protected  against  power  fails  by  a  battery  backup.  Thus,  the  system  has  an  excellent 
electrical  and  mechanical  stability. 


3.  REQUIREMENTS  TO  THE  SOFTWARE 


Besides  data  storage  and  processing  of  on-line  calculations  the  on-board  system  has 
to  perform  another  task,  which  is  of  great  importance  for  effective  measurements: 
monitoring.  A  complex  measuring  system  can  be  operated  with  far  more  success,  if  there 
is  a  way  to  verify 

-  that  sensors  and  algorithms  work  correctly 

-  that  the  operating  conditions  of  the  whole  system  are  as  required 

The  software  for  the  presented  data  system  is  named  MODAMS  (Modular  Data  Acquisition 
and  Monitoring  System) .  For  a  comfortable  monitoring  the  operator  needs  a  basic  set  of 
Instructions  to  tell  the  system,  what  he  wants  to  observe,  what  kind  of  calibrations 
are  to  be  done,  what  part9  of  the  realtime  process  are  activated  or  switched  off,  etc. 

Software  is  partitioned  into  separate  processes.  For  example,  there  are  realtime, 
dialogue,  and  monitoring  processes. 

Each  process  itself  is  divided  into  a  standard  part,  which  is  common  to  all  users, 
and  a  user  module,  where  private  functions  can  be  implemented.  The  user  has  access  only 
to  those  data  structures,  which  are  defined  as  public  in  the  respective  user  interface 
of  the  process. 

Standard  data  processing  and  monitoring  is  performed  by  the  use  of  parameter  tables. 
The  contents  of  the  tables  adapts  the  system  to  its  special  application.  Parameter 
tables  describe  the  characteristics  of  sensor  data  channels  as  well  as  the  contents  of 
monitoring  menus  and  the  instructions  for  the  operator  dialogue. 


4.  PROGRAMMING  LANGUAGE 

It  was  already  stated  that  the  software  system  has  to  be  modular  and  requires  the 
installation  of  parallel  processes. 

As  it  is  a  very  large  and  complex  system,  the  programming  language  should  give  some 
support  to  avoid  the  typical  problems  of  large  software  systems.  On  the  other  hand  the 
programming  language  should  be  acceptable  for  a  scientist  who  is  not  a  computer 
specialist . 

All  concurrent  software  processes  including  the  process-scheduler  are  part  of  the 
MODAMS-Sof tware.  The  interfaces  to  operating  system  dependent  functions  are  reduced  to 
a  minimum.  Therefore  MODAM&  can  be  transfered  to  different  computers  and  operating 
systems,  which  normally  don't  support  concurrent  processes.  MODAMS  is  written  in  the 
modern  high  level  language  MODULA  2,  which  combines  the  advantages  of  PASCAL  and  c.  The 
important  difference  to  PASCAL,  C  and  FORTRAN  is  a  strict  modular  concept,  which  for 
example  allows  argument  checks  already  at  compilation  time  even  with  procedures  from 
external  libraries. 

The  operating  system  for  MODAMS  on  the  LSI-11  is  the  RT11  single-Job  monitor,  just 
now  MODAMS  is  transferred  to  the  microVax  under  VMS. 


5.  ORGANISATION  OF  SOFTWARE  PROCESSES 

The  software  system  is  divided  into  standard  modules  and  user  modules.  User  modules 
have  to  oe  written  according  to  the  system  conventions,  and  are  linked  to  the  standard 
system . 

FIG. 5  shows  the  dat  ^  flow  between  the  different  processes.  The  realtime  process  and 
the  data  recording  process  are  executed  with  the  highest  priority.  Sampling  rates  are 
normally  between  10  Hz  and  100  Hz.  The  remaining  processor  capacity  is  used  for  the 
purpose  of  monitoring,  operator  dialogue,  and  for  generating  the  flight  test  protocol. 

The  dialogue  process  receives  commands  from  the  system  operator,  the  command  line 
interpreter  decodes  them  and  modifies  control  variables.  These  variables  are 
controlling  the  execution  of  process-parts  (see  FIG. 5)  and  the  data  flow  between 
different  processes,  like  sampling  of  realtime  data  probes  for  monitoring,  and  starting 
of  calibration  routines,  etc. 

Several  system  parameters  are  organized  in  parameter  tables.  These  tables  describe 
the  attributes  of  sensor  signals,  the  arrangement  of  monitorinr  menus,  the  arrangement 
of  the  flight  test  protocol,  etc.  The  parameters  of  these  tables  may  be  edited  by  the 
user  with  a  special  service  program  before  flight.  All  elements  of  standard  sensors  are 
predefined  and  supplied  to  the  user. 

The  Acronym  table  contains  the  following  information  about  each  parameter: 

-  signal  name  ,  unit 

-  sensor  offset,  gain 

-  second  order  coefficient,  if  necessary 

-  data  type  of  raw-integer 
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Furthermore  there  are  : 

-  graphic  menue  parameter  tables 

-  alphanumeric  menu  parameter  tables 

-  printer  protocol  table 

-  data  recording  table 

The  tables  are  loaded  during  the 
initialization  part  of  the  on-board 
software  and  are  printed  once  into  the 
flight  protocol  for  the  purpose  of 
flight  test  documentation. 

After  receiptlon  of  a  raw  data  frame 
at  the  beginning  of  a  time  share,  raw 
data  have  first  to  be  decoded.  Because 
the  sensor  data  are  collected  from 
different  sensor  types,  the  raw  data 
frame  represents  an  inhomogeneous  sum  of 
different  raw  data  structures. 

The  task  of  raw  data  decoding  is  to 
transfer  all  sensor  signals  to  a 
consistent  data  representation.  The 
result  of  frame  decoding  is  a  so  called 
raw-integer  vector,  which  contains 
exactly  one  32-bit  two's  complement 
number  for  each  data  channel.  The 
position  index  of  the  data  channel  is 
equal  to  the  acronym-number  of  the  FIG. 5  :  Signal  flow  of  MODAMS 

channel . 

Next  step  of  the  realtime  processing  is  the  generation  of  primary  physical  data  by 
multiplication  of  a  gain  vector  and  addition  of  an  offset  vector.  A  linear  converting 
algorithm  is  adequate  for  most  of  the  sensor  signals.  Nonlinear  conversion  is  not  a 
part  of  the  regular  scaling  algorithm;  it  has  to  be  as  simple  and  quick  as  possible.  If 
nonlinear  equations  are  to  be  calculated  for  the  standard  sensor  equipment  (e.g.  for 
semicoductor  temperature  probes),  there  is  a  module  reserved,  where  these  equations  can 
be  explicitly  programmed  (FIG. 6).  After  the  conversion  to  engineering  units  has  taken 
place,  there  is  one  real*32bit  element  in  the  output-vector  for  each  sensor  channel 
including  all  the  spare  channels  of  the  preprocessor.  This  output  (index  from  l..n, 
FIG. 6)  is  called  primary  output  data. 

The  elements  with  higher  index  numbers  (n+1  until  n+m)  are  reserved  for  secondary 
data,  which  are  calculated  from  primary  data  in  the  user  module.  The  user's  algorithms 
may  represent  simple  combinations  of  primary  data,  or  they  ar  more  complicated  like 
observers  and  Kalman  filters. 


n  Channels 

x  Words  >  n  lnteger*32  bit  Real*32  bit 


FIG.  6:  Data  Flow  of  the  Realtime  Process 
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The  dashed  line  of  FIG.  6  encloses  those  parts,  which  are  processed  by  the  vector 
processor,  if  it  is  available  in  the  system  configuration. 

The  user  gets  information  about  data  structures  and  system  conventions  from  a  hand¬ 
book  and  is  able  to  integrate  his  algorithms  in  a  rather  simple  way.  This  means:  he  is 
freed  from  system-specif ic  work  and  can  take  all  his  efforts  for  the  solution  of  his 
own  problems. 

Due  to  the  fact  that  primary  and  secondary  data  are  situated  in  the  same  data  struc¬ 
ture,  they  can  be  treated  equally  for  all  further  processing  like  monitoring  and  data 
registration.  The  attributes  of  secondary  data  are  decribed  by  the  same  acronym-table 
in  the  same  way  with  only  one  exception:  there  is  no  sense  for  an  allocation  of  raw 
data  type,  the  sensitivity  and  offset-attributes,  because  no  raw  data  equivalent  exists 
for  a  secondary  datum. 

The  remaining  CPU-time  is  shared  by  several  processes  of  lower  priority: 

-  an  operator  dialogue  process  asks  for  operator  requests 

-  a  monitoring  process  is  continuously  displaying  a  system  status  menu,  alphanumeric 
and  graphic  menus,  which  were  selected  Xr  the  operator  dialogue. 


6.  OPBKATING  CONCEPT 

The  system  may  be  operated  from  a  single  terminal.  For  this  purpose  the  operator 
console  is  divided  into  three  windows  (FIG. 7) ,  which  are  assigned  to  different 
processes.  The  upper  left  window  (1)  is  used  like  a  normal  small  terminal  for  the 
dialogue  with  the  operator.  The  upper  right  field  (2)  is  a  status  window,  continuously 
keeping  all  important  system  states,  e.g.  status  of  the  data  transfer  from  the  pre¬ 
processor,  realtime  load,  time  information,  event  counter,  and  status  of  data  recor¬ 
ding. 

The  large  window,  the  so  called  monitoring  window  (3),  is  used  for  alphanumeric  and 
graphic  monitoring. 

A  command  line  interpreter  (CLI)  decodes  operator  inputs.  User  interfaces  are  de¬ 
fined  for  the  CLI  as  well.  Users  can  add  a  private  subset  of  commands  and  dialogue- 
procedures.  This  is  a  very  helpful  feature,  it  enables  the  control  of  the  user  realtime 
parts,  whatever  they  may  do. 


FIG.  7  :  Hardcopy  of  an  alphanumeric  FIG.  8  :  Hardcopy  of  a  graphic 
monitoring  menu  monitoring  menu 

The  operator  has  the  choice  between  several  monitoring  menus:  10  alphanumeric  and  6 
graphic  menus  are  accessible.  FIG.  7  shows  the  example  of  an  alphanumeric  menu. 

An  Alphanumeric  menu  shows  up  to  32  signal  channels  with  their  names,  values,  and 
units.  A  graphic  menu  up  to  three  channels  versus  time  or  two  channels  plotted  versus 
another  channel.  FIG. 8  demonstrates  a  graphic  menu  with  3  channels  displayed  versus 
time. 

Principally  each  graphic  menu  is  supplied  with  data  buffers  for  each  of  its  chan¬ 
nels.  Sampling  of  menu  data  is  independent  from  menu  display.  Several  menus  may  be 
sampled  at  the  same  time,  but  only  one  menu  with  up  to  3  channels  may  be  displayed  at 
the  time.  Sampling  of  a  menu  is  started  with  the  "start  sampling"  instruction  of  the 
operator  dialogue. 


Graphic  menus  can  be  operated  in  two  different  modes: 
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Graphic  nanus  can  be  operated  In  two  different  nodes.  The  nodes  lead  to  a  different 
display  handling,  if  the  sampling  process  arrives  at  the  tine  maximum,  which  was  selec¬ 
ted  for  the  menu.  This  is  the  nonent,  when  the  sampling  buffer  becones  full,  or  in 
other  words,  the  displayed  curves  arrive  at  the  right  limit  of  the  display  area.  Depen¬ 
ding  on  the  selected  node  for  the  menu,  the  following  happens: 

1.  Single  sample  node:  After  the  sampling  buffer  has  been  filled,  sampling  is  stop¬ 
ped.  The  Menu  nay  be  displayed  as  long  and  as  often  as  required  until  a  new  sampling  is 
started  by  the  operator. 

2.  Infinite  mode:  The  whole  curve  is  shifted  half  a  time-axis  to  the  left,  the  first 
half  is  lost,  absolute  starting  tine  is  updated,  and  sanpling  continues.  This  node  is 
only  selectable,  if  channels  are  displayed  versus  time. 

In  the  normal  case,  the  arrangement  of  the  different  menus  has  been  selected  before 
flight  and  remains  constant.  However,  in  the  case  of  sensor  faults  it  may  be  necessary 
to  change  the  display  node  or  the  scaling-lini ts  of  a  menu.  For  this  purpose,  a  defini¬ 
tion  dialogue  is  designated  to  change  actual  menu  parameters  even  during  flight. 

A  flight  test  protocol  has  to  give  a  brief  overview  about  the  relations  of  the  most 
important  flight  paraneters  like  tine,  position,  and  height.  Therefore  it  is  a  guide 
for  the  later  data  evaluation. 

Before  takeoff,  some  important  static  information  are  documented  in  the  flight  test 
protocol:  Date,  program  version,  contents  of  parameter  tables,  altimeter  setting, 
initialization  data,  etc. 

During  flight,  a  data  record  is  periodically  printed  and  contains  the  following 
information:  Time,  position  coordinates,  altitude,  speed,  course,  true  airspeed  and  a 
list  of  user  selectable  data  from  the  data  output  vector.  The  time  interval  is  selected 
by  the  user.  If  the  operator  hits  the  ao  called  ’Event-key',  an  event-counter  in  the 
status  display  is  incremented  and  an  additional  record,  which  is  marked  with  an  event- 
identifier.  Additionally,  a  one-by-one  pixel-hardcopy  of  the  actual  display  contents 
can  be  sent  into  the  flight  protocol  at  any  time,  including  all  monitoring  information. 

In  case  of  measuring  heavy  reproduceable  phenomena  like  weather,  it  is  important  to 
have  a  discussion  base  immediately  after  landing,  which  enables  the  scientists  to 
decide,  if  something  has  to  be  repeated  or  not.  The  flight  test  protocol  can  be  an 
illustrative  material  to  do  this  decision. 


7.  APPLICATION  EXAMPLES 

The  presented  airborne  data  aqcquisition  and  monitoring  system  and  its  derivatives 
have  been  installed  on  different  research  aircraft.  They  are  presently  used  for  the 
following  applications: 

-  Research  aircraft  Dornier  128-6  of  the  Technical  University  of  Braunschweig,  FRG, 
twin  engine  turboprop,  use  for  flight  guidance,  flight-mechanical,  meteorological  and 
air-chemical  research. 

-  Research  aircraft  Dornier  228  of  the  Alfred  Wegener  Institute  for  Polar  Research, 
Bremerhaven,  FRG;  two  twin  engine  turboprops  used  for  research  programs  in  arctic  and 
antarctic  regions. 

-  Hawker  Siddeley  HS-125,  twin  engine  jet  of  Conti  Flug  GmbH,  used  by  Aerodata  GmbH 
and  Fraunhofer  Institute  of  Atmospheric  Research,  FRG  for  air-chemical  investigations. 
This  jet  will  participate  in  projects  of  the  US  Environmental  Protection  Agency  in  au¬ 
tumn  1988. 

-  Research  aircraft  Dassault  FALCON-2  of  the  German  Aerospace  Research  Organisation 
(DFVLR,  Oberpfaf fenhofen,  FRG) ,  twin  engine  jet.  This  aircraft  is  mainly  used  for 
meteorological  research. 


6.  CONCLUSIONS 

The  presented  hardware  structure  of  an  airborne  measuring  system  enables  powerful 
on-line  computation  and  monitoring  with  state-of-the-art  microcomputers.  A  special 
Software  has  been  developed  for  this  purpose. 

This  software  system  satisfies  the  basic  requirements  of  on-line  computation, 
monitoring,  and  storage  of  primary  data.  The  system  user  has  the  possibility  to  add  his 
individual  procedures.  It  is  not  necessary  for  him  to  have  detailed  knowledge  about  the 
internal  system  structure. 

On-line  monitoring  during  flight  allows  Immediate  verification  of  flight  conditions 
and  sensor  signal  quality.  The  operator  can  directly  influence  the  actual  flight  test 
and  optimize  measuring  conditions  by  the  selection  of  better  suited  flight  levels  and 
operating  areas. 
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SUMMARY 


British  Aerospace  Warton  has  been  engaged  in  the  development  and  testing  of  a  vide  range  of 
Military  Fighter  Aircraft  including  Jaguar,  Tornado  and  the  E.A.P.  During  the  next  decade  Warton  will 
be  a  major  flight  test  centre  for  the  European  Fighter  Aircraft  E.F.A. 

This  paper  gives  an  overview  of  the  Instrumentation  and  Data  Processing  facilities  in  current  use, 
planned  development  for  the  next  10  years  covering  the  proposed  Instrumentation  system  for  E.F.A.  It 
describes  the  ground  station,  computing  hardware,  specialised  analysis  .capability,  onboard  equipments, 
the  extensive  use  of  telemetry  for  real  time  processing  and  Intermanoeuvre  analysis  In  real  time.  Also 
included  are  the  facilities  for  integration  of  airborne  data  acquisition  systems,  together  with 
procurement,  automated  calibration  and  design  and  development. 

CONTENTS 

1.  INTRODUCTION  -  LIST  OF  DEPARTMENTAL  RESPONSIBILITIES 

2.  ADVANTAGES  OF  TELEMETRY 

3.  TELEMETRY  AT  WARTON 

o  History  -  A  quick  background  that  leads  on  to  the  present  facilities  in  the  monitor  room, 

o  Airborne  Instrumentation  Systems, 

o  Ground  System. 

o  Description  of  Telemetry  Software  Process, 

o  Ground  replay  and  data  analysis  computers. 

a)  Primary  Analysis 

b)  Secondary  Analysis 

4.  FUTURE  DEVELOPMENTS 

FLIGHT  TEST  INSTRUMENTATION  DEPARTMENT 
RESPONSIBILITIES 

o  Airborne  Data  Acquisition,  Recording  and  Telemetry  Transmission  systems  on  JAGUAR,  TORNADO,  E.A.P. 
and  E.F.A.  aircraft. 

o  Telemetry  Aerials  and  Receiving  equipment, 
o  Telemetry  Monitor  Room. 

o  Ground  Replay  and  Data  Analysis  Computers. 

ADVANTAGES  OF  TELEMETRY 


o  Certainty  that  expected  results  are  captured, 
o  Quality  of  manoeuvre  fit  for  purposes, 
o  Option  of  repeat. 

o  Certainty  of  Instrumentation  parameters  are  serviceable, 

o  Ability  to  go  to  optional  teats. 

o  Flutter  clearance  in  bigger  steps  (in  quasi  real-time  using  Hewlett  Packard). 

o  Load  monitoring  in  critical  conditions  (limited  number  of  parameters). 

o  Pilot  confidence  of  having  Engineer  in  the  cockpit,  especially  early  in  the  programme. 

o  Quick  appreciation  of  results  during/ immediately  after  flight  allows  batter  decisions  on  next 
flight  activity  etc. 
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TELEMETRY  AT  WARTON 
HISTORY 


LIGHTNING 

SPINNING 

1950's 

8 

Analogue 

parameters 

JAGUAR 

SPINNING 

1969/1972 

14 

Analogue 

parameters 

TORNADO 

1970's 

4K 

Frame 

512  Analogue 

240  Bi-level  events 

16  Frequencies 

64  mixed  words  from 

Main  Computer 

64  D.T.L.  mixed  words 

t.A.P.  1980's  2  *  TORNADO  DATA  RATES 

Experimental  Aircraft  Programme 

E.F.A,  1 990*8  4  *  E.A.P.  DATA  RATES 

European  Fighter  Aircraft 

system  Development  for  tornado 

1980  o  Decision  to  replace  Sigma  computer  by  VAX  system. 

1982  o  Commenced  software  development  of  BAe  system  based  on  VAX  11/780  (first  VAX  installed  second 
half  of  1982). 

1984  o  Sigma's  removed,  6econd  VAX  11/780  installed  -  live  VAX  Telemetry. 

(Dec)  o  Telemetry  11/780  upgraded  to  11/785  giving  60Z  improvement  in  throughput. 

New  Monitor  included :- 

-  New  console 

-  New  V.D.U’s 

-  New  pen  recorders 

late  1985 

-  Aircraft  position  display. 

TORNADO 

The  Inter  Dictor  Strike  Development  Programme. 

1973  -  choice  made  by  three  Partner  Companies  to  purchase  identical  systems  based  on  the  U.S.  Navy 
system  at  Pax  River,  Xerox  Sigma  computer  system  complete  with  software. 

1st  Sigma  in  1974 
2nd  in  1976 


Antenna  System  from  Scientific  Atlanta  (1974)  -  Autotracking  in  Azimuth  and  Elevation. 

DEVELOPMENT  OF  TRACKING  SYSTEM 

1985  o  Electronics  Department  developed  software  on  BBc  Micro  to  provide 

Aircraft  Bearing 
Heading 
Range 
Altitude 

-  all  derived  from  the  St.  Annes  secondary  radar  via  Warton  Control  Tower  land  lines. 

Alternatively  the  aircraft  Inertial  Navigator  position  data  can  now  be  extracted  from  the 
Telemetry  data  stream. 

1986  o  Replacement  Main  Dish  for  Scientific  Atlanta  fixed  in  position  for  a  total  cost  of  £18,000 

giving  full  360  degrees  coverage. 

FLIGHT  TEST  INSTRUMENTATION  AIRBORNE  DATA  GATHERING  SYSTEMS 
INTRODUCTION 


Since  the  Flight  Test  Instrumentation  department  of  British  Aerospace  Warton  was  formed  in  1958,  a 
large  number  of  diverse  recording  techniques  and  transducer  types  have  been  used  in  six  generations  of 
military  aircraft  produced  by  the  Division. 

The  earliest  system,  developed  in  the  late  50's,  employed  'Auto-observers'.  These  were,  as  their 
name  suggests,  a  method  of  automatically  recording  the  readings  of  a  bank  of  aircraft  gauges,  the 
recording  medium  being  cine  film.  (Prior  to  this,  and  Indeed  concurrently,  aircrew/observers  were 
obliged  to  note  down  gauge  readings  during  periods  of  interest  on  note-pads) .  Auto-observers  were  very 
bulky  and  required  fitting  in  spacious  accommodation  ...  in  this  case  the  bomb-bay  of  Canberra  jet 
bombers.  A  typical  limit  on  the  number  of  parameters  was  around  20  to  30. 
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The  advent  of  the  Lightning  interceptor  in  the  early  60* a  Introduced  the  concept  of  space 
constraints  and  trace  recorders  were  used  for  the  first  tine,  offering  much  needed  size  reduction  and 
vastly  Improved  duration  and  frequency  response. 

The  TSR2  bomber  of  the  middle  60' e  employed  a  combination  of  trace  and  analogue  recording 
techniques.  For  the  first  time  broadband  FM  was  used,  mainly  for  vibration  measurements,  complemented 
by  a  400  parameter  mechanically-switched  time  division  multiplex  system  also  recorded  on  tape. 
Predictably,  the  main  weakness  of  the  system  was  the  mechanical  switching. 

By  the  late  60's,  a  combined  dlgltal/analogue  and  trace  recording  system  was  used  in  the  early 
Jaguar  Flight  Test  program.  The  analogue  (FM)  and  trace  systems  were  similar  to  those  employed  on  the 
TSR2  alrcrafti  however,  the  mechanically-switched  TDM  system  was  replaced  by  an  8  bit  parallel  PCM 
technique  (i.e.  each  of  the  8  bits  were  recorded  on  a  separate  track  of  the  tape  recorder).  The  system 
had  a  capacity  of  144  analogues,  along  with  bi-level  and  frequency  inputs. 

CURRENT  SYSTEMS 


1 .  Air  Defence  Variant  Tornado  (ADV) 


The  instrumentation  system  currently  used  on  the  ADV  Tornado  prototypes  was  developed  for  the  Inter 
Dictor/Strike  (IDS)  Tornado  prototypes  in  1974.  (Figure  1). 

MAJOR  SYSTEM  COMPONENTS 
Tape  Recorder 

A  14  track  wideband  IRIG-standard  tape  recorder  using  l"  tape  on  14"  reels  fitted  with  two  Direct 
Record  (DR)  tracks  and  12  FM  wideband  1  tracks.  At  the  usual  speed  of  7.5  ips,  this  gives  a  duration  of 
4  hours  and  bandwldths  of : 

Direct  Record  :  500Hz  to  125KHz 
FM  wideband  1  :  dc  to  5KHz 

Data  Collector  (CCU) 


The  Central  Control  Unit  of  the  data  gathering  system  has  the  following  capacities: 
8  PAM  outputs  from  8  Signal  Conditioner  racks  (8  x  64  analogues) 

16  Frequency  inputs 
4  Totallser  Inputs 

24  parallel  words  inputs  (or  24  x  10  events) 


the  unit  provides: 

a  serial  Bi-phase  PCM  data  stream  (for  recording) 
a  serial  NRZ  PCM  data  stream  (for  telemetry) 


format:  word  length: 

max  data  field: 


bit  rate: 
packing  density: 


10  bits  +  odd  parity 
128  words/minor  frame 
32  minor  f rames/major  frame 
l  major  frame/second 
45Kbits/second 
6Kbit8/inch  at  7.5  ips 


Signal  Conditioner  Racks 

Each  signal  conditioner  rack  houses  64  signal  conditioners  along  with  voltage  stabiliser  and 
multiplexer  cards  providing  a  64  parameter  PAM  stream.  29  analogue  outputs  are  available  for  recording 
as  FM  or  FM/FM  (Frequency  Multlplexed/FM)  parameters. 

AIXU  (Avionic  Information  IFU) 


The  AIIU  takes  information  from  the  aircraft  main  computer  and  inserts  the  parameters  into  the 
existing  PCM  data  stream.  Every  l/16th  second  63  parameters  are  stored  In  the  AIIU  and  the  CCU  selects 
the  required  parameters  from  this  store. 


(ie)  max.  sample  rate:  16  samples/ second 

max.  no.  parameters:  63  x  16 


Each  avionic  word  la  32  bite  long  and  each  word  Is  reduced  to  2  x  10  bit  words  for  recording  on  the 
FTI  system. 

FM/FM  System 

This  la  a  Frequency  Multiplex/FM  system  employing: 

21  constant  bandwidth  subcarrler  oscillators  BW:  200Hz  (mod.  index  »  5) 

I  wideband  subcarrier  oscillator  BW:  lOOKHz  (mod.  index  -  2) 

5  mixer  amplifiers 
Calibration  facilities 

The  constant  BW  subcarriers  are  modulated  by  the  analogue  parameters,  whilst  the  wideband 
subcarrier  la  modulatad  by  the  NRZ  PCM  aerial  output  of  the  data  collector. 
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Outputs  are  therefore  available  for  recording  on  the  FTI  tape  recorder  and  for  modulation  of  the 
telenetry  transmitters. 

The  number  of  analogue  parameters  handled  by  the  system  is  increased  by  a  factor  of  6  by  the  use  of 
group  select  electronics. 

Time  Code  Generator 

The  Time  Code  Generator  is  a  self-contained  unit  which  produces  IRIGB  serial  tlmecode  for  use  by 
the  data  collector  and  for  recording  on  the  tape  recorder.  Outputs  are  also  available  for  cockpit  time 
displays. 


Two  telemetry  transmitters,  each  on  a  different  frequency,  drive  two  separate  antennae  (one  on  the 
aircraft  top  surface,  one  on  the  lower). 

Camera  System 

A  cine  camera  system  is  fitted  for  weapon  release  analysis.  Eight  cine  cameras  are  used  overall, 
of  which  six  are  phase-locked  to  a  central  control  clock  and  housed  in  two  external  wing  pods.  All 
cameras  are  individually  idented  with  externally  generated  events  ('weapon  gone*  etc.)  and  a  common 
tlmebase.  Camera  frame  pulses  and  the  timebase  are  recorded  as  FM  parameters  on  the  tape  recorder. 

System  Variants 

Two  of  the  ADV  prototypes  carry  out  radar  evaluation  work,  and  as  a  result  have  need  to  record  high 
frequency  radar  data.  This  is  sccompllshed  by  replacing  the  14  track  tape  recorder  with  a  28  track 
model,  and  by  using  10  of  the  extra  14  tracks  (DR)  to  parallel  radar  data.  The  recorder  is  run  at  4 
times  normal  speed  (30ips),  the  packing  density  being  16Kbits/ln. 

2,  Production  IDS  Tornado 

The  production  Tornado  instrumentation  system  was  defined  in  1980.  At  this  point  in  the  flight 
testing  program,  the  number  of  parameters  required  for  analysis  had  reduced,  as  had  the  available  space 
for  mounting  Instrumentation  boxes  -  due  in  main  to  the  production  avionics  fit. 

A  great  reduction  in  the  size  of  the  data  collector  and  the  signal  conditioner  racks  has  been 
achieved. 

Equipment  Changes  from  ADV  Fit 
Data  Collector 

The  data  collector  has  the  following  capabilities: 

128  analogue  Inputs 
9  frequency  Inputs 
2  totaliaer  Inputs 
50  event  Inputs 

The  unit  provides  the  following  outputs: 

IRIGB  tlmecode 

a  serial  Bl-phase  PCM  data  stream  (for  recording) 
a  aerial  NRZ  PCM  data  stream  (for  telemetry) 


format:  word  length: 

max  data  field: 


bit  rate: 
packing  density: 


10  bits  +  odd  parity 
128  words/minor  frame 
32  minor  frsmes/major  frame 
1  major  frame /second 
45Kblts/ second 
64Kblts/inch  at  7.5  lps 


al  Conditioner  Racks 


The  signal  conditioner  racks  accept  8  signal  conditioner  cards  (same  cards  as  used  in  the  ADV 
system) ,  along  with  a  power  supply  unit.  The  output  of  each  conditioner  Is  available  in  both  filtered 
and  unfiltered  forms,  rather  than  a  serial  PAM  stream. 

Advantages  of  this  approach  include  small  size,  relative  simplicity  and  loss  of  only  8  parameters 
In  the  event  of  a  power  supply  failure. 


Avionic  Tape  Recorder  Interface  (ATRIU) 


The  ATRIU  is  often  used  In  systems  as  an  alternative  to  the  AIIU  where  space  and  coat 
considerations  outweigh  the  flexibility  given  by  the  AIIU.  The  unit  takes  data  from  the  aircraft  main 
computer  and  reformats  It  for  recording  on  the  FTI  tape  recorder. 


The  data  rate  from  the  main  computer  Is  1953  words/second,  each  word  being  32  bits  long  (l.e) 
62,5Kblts/sec .  The  ATRIU  extracts  the  16  date  bits  from  each  of  these  words,  converts  them  Into  two 
words  and  outputs  them  In  serial  Bl-phase  form  at  a  nominal  32Kblts/sec. 
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Camera  System 

The  camera  system  is  similar  to  that  fitted  on  the  ADV  prototypes  except  that  eight  of  the  ten 
cameras  are  carried  in  four  external  wing  pods  (inboard/outboard).  The  cameras  are  all  free-running 
(non  phase-locked) . 

3.  Experimental  Aircraft  Program  (EAP) 

(Figure  3) 

The  instrumentation  system  for  EAP  was  defined  in  1983.  On  this  particular  aircraft  the  trend 
towards  more  data  bus  monitoring  has  continued,  and  needless  to  say,  the  space  available  for  mounting  FTI 
has  reduced  still  further. 

The  size  of  the  data  collector  has  been  greatly  reduced  from  that  used  in  the  IDS  Tornado,  while 
the  analogue  signal  conditioning  units  have  returned  to  a  64  channel  capacity,  the  size  reduction  being 
mainly  accomplished  by  mounting  4  signal  conditioning  channels  on  one  card  (as  opposed  to  using  single 
channel  modules)  and  by  using  hybrid/surface  mount  circuitry. 

Major  System  Components 
Data  Collector 


The  data  collector  selects  data  from  analogue  and  digital  slave  units  along  with  bus  information 
from  a  data  bus  interface  unit. 


The  data  collector  has  the  following  capacities: 


3  serial  outputs  from  3  Analogue  Acquisition  units  (192  parameters) 
8  frequency  inputs  (from  the  Digital  interface  unit) 

30  event  inputs  (from  the  Digital  Interface  unit) 

the  unit  provides: 


a  serial  Bi-phase  PCM  data  stream  (for  recording) 
a  serial  NRZ  PCM  data  stream  (for  telemetry) 


format:  word  length: 

max  data  field: 


bit  rate: 
packing  density: 


10  bits  +  odd  parity 
256  words/minor  frame 
32  minor  frames/major  frame 
1  major  frame/second 
90. lKbits/second 
12Kbits/inch  at  7.5  ips 


Analogue  Acquisition  Units  (AU) 


Each  AU  accepts  64  analogue  parameters,  conditions  and  then  multiplexes  them  into  a  serial  data 
stream  for  transmission  to  the  data  collector.  Each  word  is  10  bits  long. 

Digital  Interface  Unit 

This  unit  accepts  data  from  a  Flight  Control  System  (FCS)  computer.  Protocol  is  RS422,  not  1553 
data  bus.  Up  to  124  data  words  at  rates  up  to  50/second  can  be  acquired  and  stored  in  the  unit.  The 
data  collector  extracts  the  required  parameters  at  rates  from  1  to  64  samples/sec. 


FCS  data  words  are  16  bits  long.  These  are  split  into  two  8  bit  bytes  and  occupy  two  PCM  words  in 
the  data  collector  output  stream. 


The  unit  also  houses  8  frequency  counters  and  a  30  input  event  card. 
Data  Bus  Monitor 


The  Data  bus  monitor  contains  two  dual-redundant  1553  databus  monitors.  It  has  no  ability  to 
transmit  on  the  bus  nd  plays  no  active  role  in  data  bus  activities. 

The  dats  is  processed  in  a  similar  way  to  the  Digital  Interface  unit.  (Up  to  124  data  bus  words  at 
rates  up  to  50/second  can  be  acquired  from  each  data  bus). 

Other  major  system  components  are  similar  to  those  described  for  Tornado. 

4.  European  Fighter  Aircraft  (EFA) 

(Figure  4) 

The  EFA  data  acquisition  system  is  currently  at  the  specification  stage.  However,  the  main 
requirements  of  the  system  have  been  defined  and  are  described  below. 

Architecture 


The  PCM  Central  Control  (PCC)  will  accept  data  from  Remote  Data  Acquisition  Units  (RDAU)  via  a 
maximum  of  8  FTl  data  buses.  Each  bus  will  accept  up  to  8  mixed  function  RDAUs,  carrying  data  at  rates 
up  to  50K  words/second  and  will  have  the  capability  of  addressing  2000  parameters.  This  Implies  a 
maximum  sampling  rate  of  8192  samples/second. 
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Major  System  Components 
PCM  Central "Control  fpcc) 


The  unit  will  be  able  to  communicate  with  RDAUa  over  a  distance  of  at  least  30  metres. 

7  outputs  will  be  available: 

4  Bi-phase  IR1G  standard  PCM  streams  (to  tape  recorder) 
i  NR Z  IR1G  standard  PCM  stream  (to  telemetry  transmitter) 

1  (probably  RS422)  PCM  stream  to  video  IFU  (for  data  insertion) 
l  (probably  RS422)  data  stream  to  FTI  cockpit  display 

format:  word  length:  max  12  bits  +  parity 

max  data  field:  256  vords/minor  frame 

64  minor  frames/oajor  frame 
i  to  8  major  frames/second 
bit  ra^e:  500Kbits/second* 

packing  density:  !6.5Kblts/in  at  15  ips  (2  tracks) 

*  anticipated  maximum  required 

It  will  store  6  programs  to  configure  the  RDAl's  and  to  format  the  data  on  the  7  output  streams. 

Data  from  16  parameters  will  be  able  to  be  converted  to  engineering  units  for  output  to  the 
multifunction  cockpit  display  and  video  processor. 

Self  test  and  program  verification  facilities  will  also  be  available. 

Remote  Data  Acquisition  Units  (RDAU) 

These  units  will  be  of  modular  construction. 

A  maximum  of  64  analogue  parameters  will  be  acquired  and  conditioned  by  the  unit,  with  a  maximum 
sampling  rate  of  8192  samples/second. 

Signal  conditioner  gain,  offset  and  filter  cut-off  will  be  programmable  (via  the  PCC). 

Transducer  excitation  will  be  provided  by  one  of  the  modules. 

The  RDAU s  will  also  house  Data  Bus  Processing  Modules  (DBPM) . 

Data  Bus  Processing  Modules  (DBPM) 

Three  types  of  module  will  be  available  to  capture  data  from  the  following  data  bus  types: 

M1L-STD  1553B  (STANAG  3838)  6  buses 

STANAG  3910  2  buses 

FCS  CCDL  4  buses 

The  DBPMs  will  operate  as  'eavesdroppers'  only  and  will  be  able  to  extract  256  parameters  from  the 

bus . 

MIL-STD  1553B  modules  will  connect  to  dual-redundant  buses  via  two  channels  of  opto-isolation  in 
different  modules.  They  will  also  be  programmable  to  output  the  total  bus  for  recording  via  the 
Bus-PCM-Video  interface. 

Time  tagging  will  be  available. 

Tape  Recorder 


A  conventional  Tornado  type  14  track  tape  recorder  will  be  used. 

Current  anticipated  bit  rates  from  the  PCC  (500Kbits/sec)  will  be  accommodated  by  using  only  two  of 
the  available  four  PCC  PCM  streams.  With  the  recorder  running  at  I5ips,  a  duration  of  2  hours  Is 
achieved  with  a  half-theoretical  maximum  bit  packing  density. 

Typical  track  allocation:  2  PCM  (DR) 

1  Timecode  (UB  1) 

1  Speech  (VB  1) 

I  Tape  speed  reference  (WB  1) 

9  Analogue  parameters  (WB  1) 


Telemetry 

The  telemetry  system  will  be  dual  channel/space  diversity  (as  Tornado).  Unlike  Tornado,  the  PCM 
will  be  on  base-band,  with  sub-carriers  for  speech  and  events.  The  transmission  will  be  encrypted. 
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Video  Transmission 

It  is  proposed  to  use  a  single  10  watt  transmitter  modulated  by  a  CCIR  standard  video  signal 
(encrypted).  The  video  source  will  be  one  of: 

FT1  video  camera 
Aircraft  video  source 

Aircraft  databus  (via  Bus-PCM-vldeo  IF'J) 

Time  Code  System 

The  Time  Code  generator  will  output  TRIO  A  or  B  (selectable)  and  will  give  elapsed  time  from 
'START*  or,  by  using  an  appropriate  Interface,  will  be  synchronised  to  the  National  Time  Standard  to 
give  absolute  time. 

The  time  code  will  be  decoded  by  the  PCC  and  be  available  in  any  of  the  PCM  streams  for 
recording/transmission/display. 

The  system  will  be  integrated  with  a  Global  Positioning  System  (GPS)  if  available. 

Bus- PCM- Video  Interface 

This  is  a  contingency  requirement  for  recording  the  entire  contents  of  a  M1L-STD  1553B  data  bus. 
The  bus  information  will  be  reformatted  in  a  form  enabling  it  to  be  recorded  on  a  standard  video 
recorder  or  on  up  to  4  tracks  of  the  conventional  tape  recorder. 

Multifunction  Cockpit  Display 

This  display  will  be  a  software-configured  control  and  display  panel  upon  whicli  FTI  status 
information  will  be  available,  along  with  the  display  of  up  to  5  FTI  parameters  in  engineering  units. 

Camera  System 

Up  to  ten  phase-locked  cameras  are  expected  to  be  used,  with  improved  identing  (on-film  numeric 
time  display)  and  increased  flexibility  of  control  (multiple  groups/programs). 

FUTURE  TRENDS 


Although  the  first  EFA  prototypes  will  use  longitudinal  type  conventional  tape  recorders,  the 
second  generation  test  aircraft  will  be  likely  to  use  helical-scan  recorders.  These  will  be 
particularly  suited  to  handling  high  speed  data  such  as  radar  instrumentation.  Eventually,  optical 
recording  techniques  will  probably  become  the  dominant  recording  method. 

Increased  use  of  real-time  analysis  is  an  inevitable  development,  allowing  as  it  does  the 
sequencing  of  various  Inter-dependent  test-points  during  one  test  flight.  Work  oi  thi6  type  (vibration 
analysis)  is  already  carried  out  as  part  of  the  EAP  flight  testing  program. 

High  speed/high  definition  video  will  eventually  replace  wet-film  cine  cameras  for  weapon  release 
work.  Many  advantages  will  accrue  from  this,  such  as  the  reduction  in  required  electrical  power  (high 
speed  cine  cameras  are  notoriously  greedy  for  power),  Increased  recording  duration  (hours  Instead  of 
seconds)  and  ease  of  installation. 

DATA  RATES 
TORNADO 

10  Bits/Word  +  Parity  (ODD) 

128  Words/Main  Fr  me 
32  Main  Frames /Maj l  .■  Frame 
I  Major  Frame/Second 

e.g.  128  *  32  ■  4096  Words/Second 

DATA  RATE  -  1 1  *  4096  -  45,056  Bits/Second 

N.B.  Each  Main  Computer  or  Data  Transmission  fine  (T.T.L.)  word  Is  16  bits  hence  require  t 
Instrumentation  words  (10  A  6  bits). 


E.A.P 

Data  rate  twice  that  of  Tornado. 

Majority  of  parameters  are  from  the  three  MIL  1553  data  buses  and  are  present  as  16  bit  aircraft 
words . 

Because  the  Instrumentation  word  has  only  10  bits  all  data  bus  words  are  split  into  a  Coarse  and  a 
Fine  half.  Each  half  contains  eight  data  and  two  status  bits. 


CURRENT 

E.A.P 

o  Data  Rate  twice  that  of  Tornado 

o  New  conf igu. jtion  display 

o  Warning  panel  display 

-  MIMIC  of  cockpit  display 

o  Link  to  Flight  Mechanics  Computer  (F.M.C.) 

o  Workstations 

-  Mlcrovax  based 

Unlike  Tornado,  attempting  to  access  the  loads  model  In  quasi  real  time. 

-  Link  to  Flight  Mechanics  Computer  for  loads  Monitoring. 

Slow  data  sampled  at  twice 'second  throughout  flight  (6  parameters)  gives  Aerodynairi  cist  assessment 
of  flight  conditions. 

From  Pilots  countdown,  15  seconds  worth  of  30  to  40  parameters  captured  by  VAX  and  then  burst  sent 
to  F.M.C. 

Based  on  the  data  recovered,  calculated  loads  at  various  stations  in  aircraft  from  control  inputs 
and  aircraft  response.  From  that  it  is  determined  if  the  loads  are  as  predicted. 

MICROVAX  STATION  IN  TELEMETRY  ROOM 


Performs  Z  Transform  analysis 

F^om  Pilots  countdown  15  seconds  worth  of  data  (6  parameters)  is  captured  by  the  Mlcrovax.  This  is 
displayed  as  short  time  history. 

Sample  of  data  required  for  analysis  selected  by  screen  cursor. 

Results  arrive  within  two  minutes  of  manoeuvre,  giving  frequency  and  damping  from  Dutch  Roll 
(typical)  using  small  pedal  input  compared  with  prediction. 

Engineer  can  then  assess  whether  to  proceed  to  next  step  using  the  output  plots  and  cables. 

AIRBORNE  INSTRUMENTATION  SYSTEMS 
FM  WIDE  BAND 

o  9  Tracks 

o  Frequency  Range 

DC  to  5  KHz 

Fh/FM  SYSTEM 

o  21  Channel  V.C.O.  &  Frequency  Mixer 

Converts  voltage  (±2.5V)  to  frequency  (Centre  Frequency  ilKHz) 

4  KHz  separation  (e.g.  8,  12,  16,  .  88  KHz) 

2  KHz  Bandwidth 

Frequency  Range  is  DC  to  200  Hz 
PULSE  CODE  MODULATION  (P.C.M.) 


o  Sensors 

Mil.  1553  Data  Bus  Interface(s) 

U.S.M.S. 

Avionics 

F.C.S. 

Events  e.g.  Undercarriage  Up/Down  ... 

Frequencies  e.g.  Engine  Turbine  Speed  ... 

Transducers  e.g.  Fuel,  Pressures,  Angles  ... 

System  Tappings  e.g.  Hydraulic  Pressure 

o  Data  Acquisition  (Central  Control  Unit) 

Signal  Conditioning 
A/D  Conversion 
Multiplexer 

Serial  P.C.M.  outputs  Bi-0  6.  NRZ-L 
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TAPE  RECORDER 

o  14  (MARS  1400)  or  28  (MARS  2000)  Tracks 

P.C.M.  Bi-0 
FM  (9  Tracks) 

FM/FM 

-  Speech 

-  Time  Code  IRIG  B  Standard  (1  KHz  Carrier) 
DATA  TRANSMISSION 


o  High  Frequency  Voltage  Control  Oscillator  (V.C.0.) 

-  Adds  high  frequency  Carrier  to  (600  KHz)  P.C.M. 
o  Combiner 

Mixes  Speech,  P.C.M.  and  FM/FM 
o  FM  Transmitter 

-  Adds  MHz  Carrier 

Frequency  Range  1430  MHz  to  1540  MHz 
Modulation  Type  is  FM 
2  per  aircraft 

One  for  each  Antenna  (mounted  below  and  above  spine  of  aircraft) 

GROUND  SYSTEM 
ANTENNA 


o  6  foot  Dish 

o  Bandwidth  1438  MHz  to  1540  MHz 

D  Band  (previously  known  as  L  Band) 

o  Coverage  from  West  Freugh  down  to  South  of  Anglesey 

o  Manual  tracking 

o  Standby  Antenna  exactly  same  as  main  Antenna 

o  Research  by  BAe  Electronics  Department  resulted  in:- 

Diah  from  Andrews  (Worthing) 

Gearbox  )  Dennords  (Fleet) 

Drive  ) 

Pedestal  Sadlers  (Lytham) 

Electronics  BAe  (Warton) 

Total  cost  (1983)  £30,000 

RECEIVERS 

o  Removes  MHz  Carrier 

o  4  Receivers  in  all  (require  only  2  per  aircraft) 
o  All  4  configured  for  D  Band  1435  KHz  to  1540  KHz 

o  Crystal  control  for  only  allocated  frequencies,  but  may  tune  to  any  frequency  within  D  Band. 
FILTERS 
o  HI-PASS 

Removes  all  Frequencies  <  200  KHz 
o  L0-PASS 

Removes  all  Frequencies  >  200  KHz 
21  CHANNEL  DISCR IMINATOP 


o  Separation  of  4  KHz  (8,  12,  16  ....  88  KHz) 

o  Also  contains  LO-PASS  filter  (<  2  KHz)  for  Speech 

HI -FREQUENCY  DISCRIMINATOR 
o  Removes  600  KHz  carrier  from  P.C.M. 
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EMR  720  BIT  SYNCHRONISER 

Eliminates  ''noise"  from  serial  P.C.M.  data  stream. 

o  Data  Stream 

NRZ-L  P.C.M.  from  telemetry 

Bi-0  P.C.M.  from  Primary  aircraft  tape 

0  Bit  Rate 

45  Kbits/sec  for  TORNADO 
-  90  Kbits/sec  for  E.A.P. 

EMR  710  FRAME  FORMATTER 


Separates  data  words  from  frame  synchronisation  words  and  then  converts  the  serial  stream  into  a 
parallel  data  stream. 

BAe  VAX  INTERFACE 

"Holes"  left  by  the  frame  synchronisation  words  are  filled  with  time  and  quality  words. 

The  derived  parallel  stream  is  input  to  the  VAX  computer. 

VAX  8600  COMPUTER 


Reads  data  from  the  DRUB  buffers  and  drives  the  various  telem .try  monitor  room  displays. 

Generates  Secondary  Tape  for  Post  Flight  Analysis. 

I  Cl.  COMPUTER 

Primary  function  to  perform  analysis  in  Batch  mode. 

MONITOR  ROOM 
o  Front  Console 

-  Meters 

-  Event  lights 
Numerical  tubes 

-  Configuration  panel 

o  Engineer  Stations 

Alphanumeric  V.D.U.’s 

Heat  Sensitive  pens  (8  track) 

o  Spinning  Station 

Pen  bank 

Traffic  lights 

Stick  Position  display 

DESCRIPTION  OF  TELEMETRY  SOFTWARE  PROCESS 

1  •  SET-UP 

Loading  of  calibrations  and  decommutation  of  data  into  memory  for  subsequent  programming  of  front 
End  units. 

2 .  EXTRACTION 

Selecting  required  parameters  for  display  from  total  transmitted  by  aircraft. 

3.  CALIBRATION 

Converting  raw  data  into  engineering  units  by  applying  calibrations  to  selected  parameters. 

A.  ELABORATION 

Combination  of  several  parameters  to  produce  new  ones  such  as  airspeed,  mach  number  etc. 

5.  DISPLAY 

The  direction  of  calibrated  parameters  to  analogue  outputs,  screens,  cross  plotters  etc. 

10  roan-years  of  software  writing  to  produce  the  Real-Time  program  comprising  the  above  modules. 
Total  systt -  contains  approx.  400  modules: 

Real  time  -  250 

Z-Transform  -  150 
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GROUND  REPLAY  AND  DATA  ANALYSIS  COMPUTERS 
PRIMARY  ANALYSIS 

o  VAX  8600 

Telemetry  capability  plus  quick-look  and  secondary  tape  making. 

-  KDX-11  link  to  Flight  Mechanic* 8  Computer. 

o  VAX  11/785 

Can  be  used  for  telemetry  in  place  of  8600,  but  mainly  used  for  quick-look  and  secondary  tape 
making. 

o  The  two  VAX  computers  are  connected  together  and  to  Che  Telemetry  Monitor  Room  Microvax  via  an 
Ethernet . 

KDX-ll  LINK 


o  Continuous  stream 

20  parameters  sampled  twice  per  second  are  passed  continuously  throughout  flight.  Transfer 
rate  of  160  bytes  per  second. 

o  Higher  density  burst 

-  Post  manoeuvre  transfer. 

32  parameters  sampled  at  32  times  per  second,  each  for  a  15  second  period.  data  held  in 
memory  during  manoeuvre. 

o  Immediately  after  manoeuvre,  data  transmitted  to  Flight  Mechanics  Computer  via  the  link  at  an 
average  rate  of  5000  bytes  per  second. 

SECONDARY  ANALYSIS 

o  ICL  2966  is  connected  to  a  terminal  network  in  Flight  Test  and  Instrumentation  departments  to 
provide  the  following  facilities: 

-  Secondary  Analysis  system  (560  modules)  which  allows  F/T  engineers  to  Initiate  Jobs  to  run  in 
Batch  mode. 

-  Provides  Tertiary  tapes  to  the  central  NAS  XS-80  computer  and  to  external  companies. 

-  Flight  Diary  database 
Results  c  abase 

Pre-flight  software  and  database 

-  Instrumentation  Stores  database 

-  General  Word  Processing  Facilities 

FUTURE 


Telemetry  on  two  aircraft  simultaneously 

Two  Telemetry  Rooms,  VAX  8600  running  one  and  the  VAX  785  running  the  other. 
Real  Time  Analysis 


Replacement  of  ICL  2966  with  large  VAX  computer  (current  contender,  VAX  8820)  connected  into 
existing  VAX  network  via  the  Ethernet. 

Installation  of  VAX  workstations  and  terminals  throughout  the  Flight  Test  department  to 
provide  rapid  access  to  flight  data  in  real  and  quasi  real  time  for  interactive, 
inter-manoeuvre  analysis.  Workstations  will  have  power/capacity  for  indepth  data 
manipulation,  analysis  and  presentation  of  results. 


Displays 

NEW  TEKTRONIX  4325 

OLD  TDS  4200 

Resolution 

1280  *  1024 

256  *  256 

Colours 

256 

8 

Segmentation 

YES 

NO 

3-D 

FIRMWARE 

SOFTWARE 

Speed 

Much  faster 

Slow  in  comparison 
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E.F.A,  Data  Encryption 

Primarily  due  to  information  being  extracted  from  the  aircraft's  six  data  buses  and  these  being 
sampled  at  up  to  256  times  per  second  per  parameter.  There  will  be  between  600  to  700  parameters 
transmitted  with  the  data  being  encrypted. 

o  Telemetry  on  two  aircraft  simultaneously 

o  Real  Time  Analysis 

o  Displays 

-  Faster,  better  graphics 

-  Rolling  time  histories  on  screens 

-  Cross  plots 

o  P.C.M.  Flutter 

o  E.F.A.  data  encryption 
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1 4.  Abstract 

"The  Flight  Mechanics  Panel  believes  that  it  is  vitally  important  that  the  flight  test  community  meet 
regularly  so  that  new  techniques  for  flight  test,  instrumentation  and  data  analysis  can  be 
disseminated  to  ensure  that  safe,  efficient  and  timely  testing  is  accomplished. 

The  number  of  new  systems  being  submitted  for  airborne  trials  and  testing  is  continuously 
increasing.  The  major  development  and  test  challenge  common  to  most  current  and  future  aircraft 
is  that  of  avionic/software  subsystems  development  and  integration.  New  systems  and  applications 
include  programmable  signal  process  radars,  integrated  flight,  fire  and  propulsion  systems, 
multifunction  pilot  displays,  and  other  on-board  software-intensive  systems.  The  acquisition  and 
processing  of  large  quantities  of  avionics  multiple  data  is  a  challenge  that  must  be  met. 

This  Symposium  focussed  on  the  means  of  reducing  the  overall  cost  of  test  and  development  within 
defence  programmes.  Ground  based  simulation  offers  the  potential  for  saving  many  test  flying 
hours  in  the  area  of  system  integration.  It  is  an  indispensable  tool  for  system  failure  analysis  for 
sophisticated  avionics  of  all  types. 


